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Abstract 

Photofermentative biohydrogen production (PFHP) is a promising route for sustainable biohydrogen production, 
but its efficiency is constrained by inefficient intra/extracellular electron transfer (IET/EET). Biochar (BC) provides 
unique characteristics to enhance IET/EET in biochemical systems; however, non-conductive polymer groups hinder 
its charge transfer efficiency. The present study proposes the engineering of the microbial-electrochemical inter-
face through dual metal (Co and Fe) functionalization of BC to improve charge transfer within the fermentative 
medium, thus leading to an increase in hydrogen production. SEM, BET, XPS, and Raman spectroscopy demonstrated 
that Co-Fe/BC functionalization results in 22.83% higher porosity and surface area compared to pristine biochar 
(PBC) and single metal functionalization, suggesting increased electrons from surface defects like oxygen vacan-
cies (OVs). The optimal loading concentration (20 mg/L) of Co-Fe/BC enhanced the biohydrogen production rate 
and yield by 101.61% and 103.11%, respectively, exceeding the control group (CG). Electrochemical studies showed 
that the lowest interfacial charge transfer resistance (1.74 Ω, 1.22 mA redox current) in Co-Fe/BC increases charge 
transfer capabilities by 106.77% compared to PBC (4.66 Ω, 0.59 mA redox current) thus serving as an electron shuttle 
to increase redox sites through flavin and c-cytochrome. IET/EET enhancement in a bioreactor loaded with Co-Fe/
BC regulates butyric acid to acetic acid metabolism, as revealed by microbial community analysis, where Clostridium 
was 86.72% more prevalent than CG (79.77%). This work demonstrates that Co-Fe functionalized BC not only bridges 
electron transfer bottlenecks but also provides a conductive interface for sustained microbial-electrochemical interac-
tions, offering a scalable strategy for optimizing renewable biohydrogen production.
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Highlights 

•	 Co-Fe/BC exhibited a higher SSA, providing more active sites, and shifting the redox cycle Fe3+ to Co2+ creates OVs.
•	 Co-Fe/BC incorporation increased the H2 yield through enhanced metabolic rate via electron-conducting channels.
•	 The loading of Co-Fe/BC changed the metabolic pathway from BA to AA, with Clostridium being the most abun-

dant genus.
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1  Introduction
The escalating global energy demand, projected to rise 
significantly in the coming decades, underscores the 
urgent need to explore and develop efficient methods 
for harnessing the vast potential of this resource. Fur-
thermore, the imperative to reduce our reliance on finite 
fossil fuel reserves and mitigate the detrimental environ-
mental consequences, including the alarming increase 
in greenhouse gas emissions, necessitates the develop-
ment of innovative and sustainable energy conversion 
technologies (Ramzan et  al. 2019; Ramzan et  al. 2023). 
Hydrogen energy has been the focus of research due to 
its attractive characteristics, such as high energy density 
(122 kJ/g) compared to conventional hydrocarbons, and 
the sustainable supply of green energy as its by-product, 
which is only water when burned, leading to net-zero 
carbon emissions. Among the available various routes of 
biohydrogen production, the PFHP is known to be more 
attractive due to its several advantages, including fewer 
energy requirements, utilization of solar energy, opera-
tional simplicity, ability to utilize a variety of organic 
substrates, including abundant agricultural wastes (Roy-
chowdhury And Ghosh 2024), and being environmentally 
safe. Despite the availability of abundant lignocellulosic 
biomass, its efficient conversion into biohydrogen is hin-
dered by its complex and recalcitrant structure. Various 
techniques have been developed to alter traditional photo 
fermentation processes to increase biohydrogen pro-
duction, including genetically modifying H2-producing 
bacteria (Tiang et  al. 2020), improving pre-treatment 
(Suriyachai et  al. 2020), optimizing the bioreactor/bio-
process, adding metabolic enhancers like metal additives 
(Usman et al. 2024), adding inorganic/organic nanoparti-
cles (Nadeem et al. 2020), incorporating BC or activated 
carbon, and carbon nanocomposites etc. (Ramzan et  al. 
2024; Usman et  al. 2025). Among materials based on 
carbon composites, graphene-supported iron compos-
ites have demonstrated significant potential in boosting 
biohydrogen production. The magnetite/graphene oxide 
nanocomposite generated 112.4  mL of H2 during dark 
fermentation, due to its excellent electron conductivity 
and ability to stimulate microbes. However, these ben-
efits often come with challenges such as complex synthe-
sis methods, high costs, and additional functionalization 
requirements to promote microbial activity compatibility 
(Table S1) (Mostafa et al. 2016). However, in comparison 
to carbon-based materials, the application of nano BC 
has emerged as a promising pathway of nanotechnology 
that holds significant potential to enhance the efficiency 
of lignocellulosic biomass conversion through enhanced 
redox reactions and electron transfer efficiency, result-
ing in a 69.2–220% rise in the bioelectrochemical sys-
tem’s current density, which boosts bacteria’s electron 

shuttling to accelerate EET and encourages the oxida-
tion of volatile fatty acids (VFAs) (Kayoumu et al. 2025). 
Additionally, corn straw, a vital agricultural solid waste, 
has a consistent yearly production of 310 million tons 
in China and 1 billion tons worldwide. The burning and 
direct disposal of a large amount of corn straw as solid 
waste leads to resource waste and air pollution. Corn 
straw’s huge production, high cellulose and hemicellulose 
content make it perfect for synthesizing porous BC (Zeng 
et  al. 2024). Corn straw biochar outperforms graphene 
and other composites by offering superior cost efficiency 
and enhanced biocompatibility, which promote microbial 
adhesion and its modification enhances electron transfer 
in biohydrogen production. Additionally, it provides a 
sustainable, hierarchical porous structure that facilitates 
higher metal loading and microbial colonization com-
pared to other carbon-based materials (Ma et  al. 2019). 
The BC amendment led to a 317.1% increase in biohydro-
gen production in a dark fermentation system by stimu-
lating bacterial growth and doubling the electron transfer 
efficiency compared to CG (Bu et al. 2021). The addition 
of BC not only increases the biohydrogen production 
through redox active sites and surface functionalities 
but also functions as an Exogenous Electron Mediator 
(EEMs) facilitating electron transfer within the micro-
bial system (Yu et  al. 2025). Furthermore, its inherent 
novel characteristics, such as high specific surface area 
(SSA) offer more sites for microbes to grow and facilitate 
the adsorption of the substrate, and its porous structure 
could promote microbial colonization and growth poten-
tial (Wang et al. 2025), BC contains buffering groups like 
carbonates, trace element richness, and amino acids, 
which can regulate pH and reduce the lag phase. On the 
other hand, the surface of BC contains functional groups 
with a negative charge, which limits the catalytic ability 
and weakens the electron transfer capacity (ETC). Thus, 
altering the ETC of pristine BC through the degree of 
graphitization and modification through surface func-
tionalization with external metals can enhance the charge 
transfer through conductive bridges, electron mobility, 
and thus strengthen conductivity (Xiao et al. 2022; Wang 
et al. 2023a).

Among other metals, iron (Fe) and cobalt (Co) are non-
noble transition metals that are well-known for their 
catalytic activity across a wide range of chemical and bio-
logical processes. Their relative abundance and lower cost 
compared to noble metals like platinum make them par-
ticularly attractive for large-scale applications in energy 
production. Fe has been claimed to be a conductive 
medium, create an e− transport system with methano-
gens, and facilitate e− flow between microorganisms and 
external e− carriers like NADH (Engliman et  al. 2017). 
The surface properties of BC are altered by the addition 
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of iron in various forms, including iron salts, iron oxides, 
or nano-zero-valent iron, which can impact the func-
tional groups, pore size, surface charge, and surface area 
(Reddy et  al. 2017). The Fe-modified BC promotes the 
habitat and metabolism of exoelectrogens, featuring a 
highly accessible SSA of 10.141 m2/g and a porous struc-
ture (Ratheesh et al. 2024). Nevertheless, the actual appli-
cation of Fe-loaded BC remains challenging due to the 
constraints of acidic conditions and the loss of active sites 
resulting from Fe leaching or low stability. The interac-
tion force between a single metal and biochar in Fe-BC is 
weak, which causes leaching and reduces the efficiency of 
the Fe-BC. Compared to a single metal catalyst, bimetal-
lic doping has extremely high chemical stability and syn-
ergistic effects due to the Co7Fe3 alloy (Liu et al. 2024). It 
has been reported that the supplementation of Co-based 
compounds can significantly enhance the biohydrogen 
production, accelerating electron transfer, boosting the 
hydrogenase activity of the PF system. Their magnetiza-
tion optimizes enzyme kinetics and extracellular electron 
transport by altering stretching vibrations of proteins, 
co-enzymes energy levels, and reducing activation losses 
as the Lorentz force generated by the magnetic field low-
ers the activation and ohmic losses of biological systems 
(Suriyachai et al. 2020). The absence of cobalt may result 
in the accumulation of organic acids and a rapid decrease 
in pH, which likely limits microbial activity (Zhu et  al. 
2025). Recently several studies have explored the synergy 
of bimetallic (Fe/Co) based biochar however their appli-
cations have been restricted to the activation of persul-
fate and peroxymonosulfate to remove contaminations 
(Liu et al. 2024; Hao et al. 2022; Wang and Wang 2023). 
Based on recent results, functionalized BC with Co2+ 
and Fe3+ may lead to a significant synergistic effect that 
not only provides the charge transferring channels but 
also maintains the exceptional properties of BC, facili-
tating electron transfer between microorganisms and 
enhancing the metabolism of the fermentative system. 
The present study deals with the engineering of a micro-
bial-electrochemical interface with a light-responsive 
Co-Fe-biochar composite to act as an electron sink, alter-
ing its metabolic pathways and its application to directly 
manipulate microbial metabolism in photofermentation 
remains unexplored.

Thus, the objective of this present work was to alter the 
intrinsic ETC of the nano-BC through its surface func-
tionalization with dual metals (Co and Fe) and to study 
its effect on IET/EET in PFHP from corn stover (CS) lig-
nocellulosic biomass. The physicochemical characteris-
tics such as morphology and crystallinity, SSA and pore 
size, and electronic configuration of the surface atoms 
of the PBC, and surface functionalized Co/BC, Fe/BC, 
and Co-Fe/BC were investigated by scanning electron 

microscope (SEM), Brunauer–Emmett–Teller (BET), and 
X-ray photoemission spectroscopy (XPS) techniques, 
respectively. Moreover, the electronic configuration and 
surface functional groups were investigated using Raman 
spectroscopy and FTIR spectroscopy, respectively. The 
capability of the bacteria to perform EET was evaluated 
using CV, DPV, linear sweep voltammetry (LSV), chron-
oamperometry (CA), and electrochemical impedance 
spectroscopy (EIS). Eventually, the effects of metal-func-
tionalized BC on H2 production rate, H2 yield, reducing 
sugar, metabolites, pH, oxidation–reduction potential 
(ORP), and microbial community analysis were investi-
gated in detail.

2 � Materials and methods
2.1 � Synthesis of BC
As one of the most abundant agricultural wastes world-
wide, CS offers a sustainable, cost-effective, and environ-
mentally friendly feedstock, rich in cellulose (34.63%) 
and hemicellulose (26.56%), suitable for biochemical 
conversion (Nadeem et  al. 2020), making it a sustain-
able and economically favorable feedstock for PFHP and 
substrate for catalyst synthesis. The agricultural residue-
based lignocellulosic biomass of CS was collected from 
a nearby farm in Henan Province, China. After being 
washed and dried at room temperature, the samples were 
pulverized using a herb grinder from Baixin Machinery 
Factory, Ruian, China (Tahir et al. 2021). The CS sample 
was then put into a cleaned porcelain crucible and pyro-
lyzed at a heating rate of 10 °C/min for 2 h at 900 °C in 
a muffle furnace under oxygen-limited conditions. After 
being cooled to room temperature, the BC was removed, 
stored at room temperature, and labelled as PBC. For Fe 
and Co-functionalized BC fabrication, 20 g of crushed CS 
was mixed well with 100 mL of 10% Fe(NO3)3.9H2O and 
Co(NO3)2.6H2O for 4 h with uniform stirring. Later on, 
the solution was filtered and dried in an oven for 12 h at 
80℃. The mixture was pyrolyzed under the same pyroly-
sis conditions used for PBC synthesis, and the result-
ing materials were named Co/BC and Fe/BC. For the 
co-functionalization of metals on BC, 5% of each metal 
salt was mixed thoroughly, synthesized under previously 
used pyrolysis conditions, and after cooling, the Co-Fe/
BC was removed and stored at ambient temperature (Liu 
et al. 2023a).

2.2 � Investigating the physio‑chemical and optical 
characteristics of BC

The morphology of the synthesized BC was examined 
using scanning electron microscopy (SEM, ZEISS Gemini 
300) at an accelerating voltage of 3 kV (Zhang et al. 2023). 
To study the crystallinity structure of the studied BCs, an 
X-ray diffractometer (Bruker D8 Advance, D/MAX-2000) 
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was used at 40  kV and 30  mA with Cu-Kα radiation 
(λ = 1.5406 Å) at a scan rate of 10°/min with a step size 
of 0.04°. BET-SSA, along with BJH pore size analysis, 
was analyzed using a MicrotracBEL (BELSORP-mini II) 
(Liu et  al. 2023a). XPS was conducted using a Thermo 
Scientific K-Alpha spectrometer, which is equipped 
with 300W  Al-Kα radiation, to identify the elemental 
chemical state on the BC surface (Rahman et  al. 2024). 
Raman spectroscopy (LabRam HR Evolution, HORIBA) 
was performed at a wavelength of 532 nm, using a laser 
in backscattering geometry at room temperature. This 
method aimed to identify the amorphous and graphite 
phases of the samples, employing a 50 × objective across a 
range of 200–1800 cm−1 with an integration time of 0.5 s, 
whereas a Bruker Vertex 80 V was used to perform FTIR 
measurements.

2.3 � Electrochemical analysis of BC
On a CHI760E electrochemical workstation, electro-
chemical measurements of PBC, Co/BC, Fe/BC, and 
Co-Fe/BC tests were conducted using a three-electrode 
system comprising a working electrode constructed from 
FTO (fluorine-doped tin oxide) with synthetic catalysts, 
a reference electrode of Ag/AgCl, and a counter elec-
trode made of Pt. To ensure the consistency and facilitate 
the comparison with literature, all electrode potentials 
recorded versus Ag/AgCl were converted to the revers-
ible hydrogen electrode (RHE) scale using the following 
Eq. 1:

Here, 0.197 represents the standard potential of the 
Ag/AgCl reference electrode, and pH refers to the elec-
trolyte measured pH of 7. During the electrochemi-
cal study, a 0.1  M Na2SO4 solution with a pH of 7 was 
used as the electrolyte. The 1 cm × 1 cm FTO plates were 
used to create a thin film of the substrate, which was 
then washed thoroughly with distilled water, isopropyl 
alcohol, and acetone, and dried at 100 °C in an air oven. 
After adding 20 mg of each BC individually to 40 mL of 
acetone and sonicating for 10  min, working electrodes 
were made using the drop-casting technique (Rahman 
et al. 2024). The CV measurements were performed (− 1 
to 1 V) with a scanning rate of 0.05 mV/s, and the BC’s 
redox behavior was compared to that of the simple FTO 
electrode. An AC signal with an amplitude of 10 mV and 
a frequency range of 1–10 MHz was used to obtain the 
EIS spectrum. To investigate the impact of BC on extra-
cellular electroactive secretions, a DPV test was con-
ducted using a three-electrode system with the following 
parameters: pulse width of 0.05  s, potential increment 
of 5  mV, quiet time of 2  s, potential scan range from 0 
to -0.9  V, and amplitude of 10  mV. Using CA, the BC’s 

(1)ERHE = EAg/AgCl + 0.059× pH + 0.197

electron-donating (EDC) and electron-accepting (EAC) 
capacities were ascertained. To determine the zeta poten-
tial of BC,  a 150  mL conical flask containing 0.02  g of 
samples was filled with 50 mL of distilled water, and the 
pH of the suspension was adjusted with HCl or NaOH 
to bring it between 6 and 7. The suspensions were then 
ultrasonically dispersed in a sonicator at a frequency of 
40 kHz and a power of 300 W for 30 min at 25  °C. The 
zeta potential of the BCs was then determined using a 
Nanotrac Wave II (Microtrac, USA) (Rahman et al. 2024; 
Rahman et al. 2025).

2.4 � Preparation of microbial growth media
In this investigation, the Laboratory of Nano-photo-
catalytic Materials at Henan Agricultural University 
provided the purple non-sulfur bacteria (PNSB) Rhodop-
seudomonas palustris. The PNSB bacteria were grown by 
preparing a medium that comprised 1.0  g/L K2HPO4, 
0.5  g/L MgCl2, and 10.0  g/L yeast extract. The starting 
pH was adjusted to 7, and the medium was sterilized at 
120  °C for 15  min (Nadeem et  al. 2020; Shahzaib et  al. 
2024). The PNSB growth media and PNSB were mixed in 
1:1 (v/v), and the cultures were grown under an incandes-
cent light with an intensity of 192 W/m2 at 30 ± 2 °C until 
their initial cell-concentration reached 875  mg/L (Tahir 
et al. 2022).

2.5 � Batch fermentation
A glass bioreactor with a capacity of 250  mL was used 
for the batch experiment of biohydrogen production, 
and to guarantee the reliability of the experimental find-
ings, each experiment was carried out in triplicate. The 
fermentation media contained, 0.4  g/L NH4Cl, 0.2  g/L 
MgCl2, 0.1  g/L yeast powder, 0.5  g/L K2HPO4, 2  g/L 
NaCl, 3.56 g/L sodium glutamatic acid, 14.8 g/L sodium 
citrate dihydrate, and 0.085 g/L citric acid monohydrate, 
6 g/L CS. To see the effect of functionalized BC on PFHP, 
the various concentrations of studied BC such as 0, 10, 
20, 30, 40 and, 50  mg/L were loaded into bioreactors, 
whereas the bioreactor with a loading concentration of 
0  mg/L was set as CG, and the  initial pH of the biore-
actors was set to 7. To keep an anaerobic environment, 
before the experiment, nitrogen gas was used to purge all 
of the bioreactors for five minutes and they were carefully 
wrapped with rubber plugs and incubated at 30 °C under 
190 W/m2 using an incandescent lamp.

2.6 � Analytical methods
The gas produced during the fermentative process was 
sampled every 12 h, and biohydrogen concentration was 
analyzed through gas chromatography (GC112N, INESA, 
China) with N2-gas as a carrier with 40  mL/min flow 
rate, whereas the temperature of the column, intake, and 
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thermal conductivity detector was at 100 °C, 150 °C, and 
150℃, respectively. To investigate the VFAs in the fer-
mentation broth (sampled after every 12 h), a gas chro-
matograph  (Agilent 6890B) was used with  a gas carrier 
with 30  mL/min  argon gas flow,  a flame ionized detec-
tor, and the syringe temperature was controlled at 250 °C, 
and  the  detector temperature controlled  at 300  °C, 
respectively. A pH meter (PHS-3C, Youke, China) was 
used to measure the pH of the fermentation broth. Utiliz-
ing the DNS technique and a UV–Vis spectrophotometer 
(T2602, YOUKE, China) at an optical density of 540 nm, 
the variations in RS during the biohydrogen production 
batch experiment were examined (Liu et al. 2023b). The 
number and geographical distribution of microorganisms 
in the CG and BC treated groups were investigated using 
high-throughput sequencing. The 16S rRNA gene was 
pyrosequenced at high throughput to yield microbiologi-
cal communities. The DNA quantity was measured using 
the (Omega-soil DNA) reagent produced by Omega 
Bio-Tek in Norcross, USA, described in our earlier work 
(Tahir et  al. 2022). In the present study, the modeling 
of biohydrogen production was based on two kinetic 
models, the Gompertz and Monod models. A modified 
Gompertz model was used to examine the highest PFHP 
potential to determine the kinetic parameters, which are 
provided in Eq. 2

H(t) represents the cumulative H2, P the highest pos-
sible H2 yield (mL), (Rmax) the maximum HPR (mL/h), x 
the lag phase in hours, (t) the incubation period, and the 
Euler number is constant (E = 2.71828).

The growth kinetic model was described using the 
Monod kinetics equation, which relies on the concen-
tration of a single substrate. The equation is predicated 
on the correlation between the rate of cell growth and 
the concentration of substrate. It may be defined by the 
Monod equation as 3:

µmax represents the maximum specific growth rate 
(h−1), while Ks is the Monod saturation coefficient for 
cell growth expressed in g/L. The value of Ks aligns with 
the substrate concentration (S) measured in g/L when µ 
equals 0.5 µmax.

3 � Results and discussion
3.1 � Physio‑chemical characteristics of BCs
The morphology of the PBC and the surface-function-
alized BC, as studied by SEM, is shown in Fig.  1(a, b). 

(2)H(t) = P × exp

{

− exp

[

Rmax ×
E(x − t)

P + 1

]}

(3)µ =
(µmaxS)

(Ks + S)

The raw material of CS has a size in the range of microns 
with irregular shapes having clear surface roughness, 
Fig.  1S(a). Before functionalization, the surface of PBC 
was quite scaly, and the irregular pore structure was 
readily apparent. Based on the SEM image shown in 
Fig.  1(a), it is evident that the PBC has a crystalline 
mesoporous surface structure. After functionalization, 
the BC surface was relatively smooth with many irregu-
lar tiny particles attached, which should be magnetic Fe 
and Co under high-temperature functionalization of 
metals during pyrolysis, Fig.  1(b) (Hamid et  al. 2022). 
The C, O, and S atomic content of PBC reached 84.27%, 
15.54%, and 0.17%, respectively, Fig. 1S(b), while Co-Fe/
BC atomic composition of C, N, O, S, Fe, and Co were 
71.83%, 0.17%, 21.53%, 0.23%, 3.49%, and 2.74%, respec-
tively Fig. 1S(c).

The crystallinity structure of CG, PBC, and metal-func-
tionalized BC (Co/BC, Fe/BC, and Co-Fe/BC) is shown 
in Fig. 1(d). Two significant peaks in all BC and CG can 
be seen in the region of 2θ = 22–23° and 40–45°, which 
correspond to amorphous carbon (002) and graphite 
structure (100) planes, respectively. In PBC, the experi-
mental findings are in good agreement with  the litera-
ture  where  an intense sharp peak around 2θ = 26–28° 
(96-900-6292) may corresponds to Si sediment presence 
in biomass samples during the grinding process or XRD 
substrate (Yi et al. 2020). It is observed that the observed 
XRD peak at 2θ = 31.95°, 32.19°, 62.97°, and 79.65°, in Fe/
BC are characteristic peaks of Fe2O3 and are related to 
(220), (222), (311), and (111) crystal planes, respectively 
(JCPD Card 96-222-7903). The characteristic diffrac-
tion peaks observed at 59.22° and 65.10° are correlated 
to the (422) and (440) crystalline planes of Fe3O4 (Lin 
et al. 2024). The XRD diffraction peaks might imply that 
the Fe3O4 and Fe2O3 particles were successfully depos-
ited on the BC. The lattice parameters for Fe/BC are 
a = 9.05 Å, b = 9.15 Å, c = 11.32 Å, and Fe2+ and Fe3+ have 
ionic radii of 0.78 Å and 0.64 Å. For Co-BC, a substan-
tial peak was observed at 43.6°, signifying the structure 
of CoCx (JSPDS, 44–0962). Co2+ and Co3+ have ionic 
radii of 0.74 Å and 0.61 Å and have lattice parameters of 
a = 8.65  Å, b = 11.70  Å, c = 8.30  Å (JCPD card 96–700-
2861). The change in lattice parameters is due to the 
larger ionic radii of Fe than Co. When Co2+ replaces Fe2+ 
in the lattice site, the overall lattice parameter slightly 
decreases. Co-Fe/BC revealed sharp and narrow diffrac-
tion peaks around 45°, which correspond to the Co-Fe 
alloy formation (Wang et  al. 2023b; Sun et  al. 2025), 
which is beneficial for improved catalytic activity (JCPD 
Card 44–1433) respectively. Liu et  al. also found the 
same phenomenon during the research of Fe-Co@N-BC 
(Wang and Wang 2023). The conversion of Fe3+ to Fe2+ 
was significantly facilitated by the redox cycle between 
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Co2+ and Co3+, which resolved the issue of Fe2+ regenera-
tion difficulty. Meanwhile, the plentiful OVs produced by 
the redox within Co-Fe bimetal considerably improved 
catalytic performance. Furthermore, the observed XRD 
peaks in Co-Fe/BC (2θ = 19–30° and 2θ = 40–50°) are 

sharper in functionalized BC as compared to the PBC, 
which suggests that dual metal functionalized BC has 
turbostratic carbon crystallite formation while others 
show more graphite-like structure (Guo et al. 2023a). The 
Fe/BC and Co/BC higher intensity peaks were slightly 

Fig. 1  SEM images of a PBC b Co-Fe functionalized BC c Elemental mapping of Co-Fe/BC d XRD analysis of BC e BET and BJH analysis of PBC 
and functionalized BC
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shifted and broadened in the co-functionalized Co-Fe/
BC; this was explained by variations in the size of the 
crystals and the crystal structure’s capacity to expand or 
compress.

The nitrogen adsorption and desorption measurements 
were employed to examine the effect of Fe and Co load-
ings on the porosity and SSA of BC, Fig.  1(e). It can be 
seen that PBC belonged to a type IV hysteresis loop con-
taining mesopores and having 308.06 m2g−1 BET-SSA. 
The pore size distribution curves of Co/BC, Fe/BC, and 
Co-Fe/BC revealed that the isotherms corresponded to 
type I and IV hysteresis loops, resulting in micropores 
and mesopores. Moreover, the BET-SSA of Co-Fe/BC 
was 378.40 m2g−1, whereas Fe/BC and Co/BC reached 
354.32 and 320.92 m2g−1 after the subsequent Fe and 
Co loading. Co-Fe/BC has 22.83%, 17.91%, and 6.79%, 
higher BET-SSA than PBC, Co/BC, and Fe/BC, respec-
tively. These results agree with the SEM results and total 
pore volume due to increased micropore and mesopore 
volume. Co/BC, Fe/BC, and Co-Fe/BC have (0.117, 0.171 
cm3/g), (0.148, 0.194 cm3/g), and (0.209, 0.197 cm3/g) 
micropore and mesopore volume, respectively (Table 1). 
Because of the presence of Co-Fe-containing materi-
als on the BC’s surface, the increase in surface particles 
increased the SSA of the functionalized BC. In order to 
compare PBC before and after functionalization, the 
average pore diameter of Co/BC, Fe/BC, and Co-Fe/BC 
decreased by 16.25%, 48.76%, and 53.44%, respectively, 
it might be due to the infiltration of Fe and Co particles 
into BC’s internal structure, which resulted in blockage of 
pores or pore walls collapse, thereby narrowing the aver-
age pore diameter (An et  al. 2022). The graphitization 
degree inversely determines porosity; consequently, the 
Fe/BC and Co/BC need a suitable balance between mass 
transfer and conductivity.

The average pore diameter of Co. Fe/BC was less 
than that of PBC because of the non-uniform distribu-
tion of metals on the BC surface and the partial filling 
of pores. Numerous mesopores occurred on the PBC, 
while meso and micropores on the Co-Fe/BC surface 
showed that they may provide significant cell immobili-
zation sites, and the porous structure also made it easier 
for microbes to colonize and improved the PF process. 

Microorganisms preferred adhering to rough surfaces, 
which provided an increased SSA for cell attachment 
(Di et al. 2022). Thus, the micropores and mesopores on 
Co-Fe/BC will benefit BC catalytic active sites and  are 
favorable for electron transfer on the catalyst surface. 
Moreover, the higher SSA was conducive to containing 
enough microorganisms for growth, thus leading to an 
enhanced metabolic rate.

XPS analysis was used to analyze the effects of the dual-
metal functionalization on the composition of the BC 
surface elements, chemical states, and present functional 
groups. The XPS survey of the chemical states of sur-
face elements of PBC and Co-Fe/BC (C, O, Fe, and Co) 
is shown in Fig. 2(a). The C1s spectra of PBC are charac-
terized by two peaks at 284.50 eV and 286.45 eV, corre-
sponding to C = C/C–C and C–O bindings, respectively, 
as seen in Fig.  2(b) (Li et  al. 2020a). The three primary 
peak types in the C1s spectra of Co-Fe/BC are located 
at 284.50, 286.15, and 287.60 eV, and they correspond to 
C═C/C–C, C–OH/C–N, and C = O/O–C = O, respec-
tively corroborating the results of FTIR (Fig.  2(c)). The 
O1s core level spectra of PBC are divided into two peaks, 
a 530.15 eV binding energy peak related to chemisorbed 
oxygen and the binding energy peak near 533.09  eV, 
associated with C = O/OH Fig.  2(d). The O1s spectra of 
Co-Fe/BC have three peaks, with the 530.80 eV binding 
energy corresponding to the O-Metal, the binding energy 
peak of 532.82  eV corresponding to the OVs in Co-Fe/
BC, 531.90 eV might be related to C-O, and the 534.05 eV 
binding energy corresponding to the C = O/OH bond. 
The peak between 530–532 eV is Co/Fe–O, which is con-
sistent with the characteristics Co/Fe–O vibrational of 
the FTIR, Fig. 2(e) (Simoes dos Reis, et al. 2022).

The Fe 2p spectra showed peaks corresponding to 
the Fe 2p3/2, Fe  2p1/2, in which Fe2+ is attributed to 
the peaks at 712.05 and 724.43  eV in the Co-Fe/BC, 
while the peaks at 713.19 and 726.96 are assigned to 
the Fe3+ 2p3/2, and Fe3+ 2p1/2 compound. The asymme-
try and width of the Fe XPS peak in Co-Fe/BC might 
indicate that Fe exhibits several oxidation states of 
(Fe2+ and Fe3+), Fig. 2(f ). To maintain charge neutrality 
in Co-Fe/BC, the valence state of Fe3+ changes to Fe2+, 
resulting in the formation of OVs, and the  observed 

Table 1  BET SSA, BJH meso, and micropore analysis of PBC and Co-Fe functionalized BC

Sample BET-SSA
(m2/g)

Mesopore volume 
(cm3/g)

Mesopore
diameter (nm)

Micropore volume 
(cm3/g)

Micropore diameter 
(nm)

t-plot SSA
(m2g−1)

PBC 308.06 0.134 7.695 – – –

Co/BC 320.92 0.171 6.449 0.117 1.085 413.33

Fe/BC 354.32 0.184 3.942 0.148 1.348 443.38

Co-Fe/BC 378.40 0.197 3.580 0.209 1.612 471.23
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results are in good agreement with the reported liter-
ature (Hao et  al. 2022). Figure  2(g) displays the high-
resolution Co2p XPS spectrum of Co-Fe/BC, providing 
crucial insight into the oxidation states and chemical 
environment of cobalt. The Co2p spectra showed peaks 
corresponding to Co 2p3/2 and Co 2p1/2, respectively. 
The peaks at 781.7  eV and 797.9  eV were attributed 
to Co3+, while the peaks at 789.35  eV and 802.78  eV 
were attributed to satellite peaks of Co2+. The peaks at 
786.2  eV and 800.83  eV were also observed Co2+; the 
fitting parameters are shown in the Table  2S to dem-
onstrate fitting quality. The synergistic redox cycling 
between different Co oxidation states, and potentially, 

in conjunction with Fe, is critical for facilitating elec-
tron transfer, and the existence of these cobalt species 
are in good agreement with the literature (Liu et  al. 
2024). The redox environment in a bimetallic system 
like Co-Fe/BC enhances catalytic performance by pro-
viding abundant active sites for electron exchange, pro-
moting the efficiency of EET and regulating microbial 
metabolism. The coexistence of Co2+ and Co3+ was 
observed over the functionalized BC, and the Co3+/
Co2+ redox cycle is considered advantageous for the 
conversion of Fe3+ to Fe2+ by resolving the regeneration 
of Fe2+ and enhancing photocatalytic activity (Srid-
haran et al. 2021). The analysis above indicates that the 

Fig. 2  XPS Study of BC a XPS Survey of PBC and Co-Fe/BC b C1s spectra of PBC c C1s spectra of Co-Fe/BC d O1s spectra of PBC e O1s spectra 
of Co-Fe/BC f Fe2p spectra of Co-Fe/BC g Co2p spectra of Co-Fe/BC h Raman shift and ID/IG ratio of PBC and metal functionalized BC (i) FTIR 
spectra of PBC and metal functionalized BC
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dual-metal functionalization of Fe and Co can cause 
OVs generation by changing the oxidation states on 
the BC surface, which may enhance its catalytic activ-
ity. The role of Fe and Co in Co-Fe/BC included high 
specific surface area, forming pore structure, intro-
ducing magnetic components, increasing defects and 
providing more active sites, which cross-validates all 
provided results. Additionally, these defects increase 
charge transfer in the fermentation media, resulting in 
a higher metabolic rate and greater biohydrogen pro-
duction (Nadeem et al. 2020).

3.2 � Opto‑chemical properties of BCs
Raman spectroscopy is an excellent technique for evalu-
ating carbon materials, as it is used to determine carbon’s 
amorphous and graphite phases (Fig. 2(h)). Two distinct 
peaks were found at around 1356  cm−1 and 1588  cm−1, 
which correspond to the D-band and  G-band, respec-
tively. In addition, the D versus G-band (ID/IG) intensity 
ratio can speed up the electrophilic reaction to produce 
reactive species and improve the π-electron flow in the 
carbon medium by conjugation. The ID/IG values of 
PBC, Co/BC, Fe/BC, and Co-Fe/BC are 0.98, 0.99, 1.01, 
and 1.02, respectively, Fig.  2(h). A higher ID/IG ratio of 
Co-Fe/BC means more defects and lower graphitiza-
tion, confirming that it has an amorphous structure hav-
ing higher SSA than the graphitic structure, confirmed 
through BET investigation. With increasing Co and Fe 
loading in Co-Fe/BC, the samples exhibited a substantial 
peak current, suggesting that adding Co and Fe signifi-
cantly accelerated the transfer of electrons on the Co-Fe/
BC surface and reactivity (Guo et al. 2023a). This finding 
showed that Fe and Co functionalization can cause the 
carbon network to become distorted and the formation 
of more defects, consistent with the observed increase 
in oxygen containing functional groups detected by XPS 
and FTIR (Xu et al. 2020). Functionalization can increase 
the defects in the lattices of BC, which is beneficial for 
anchoring and dispersion of metal atoms on the surface 
of BC. Co/BC and Fe/BC have a higher graphitization 
degree than Co-Fe/BC, it can also be confirmed from 
BET that appropriate SSA and pore size distribution are 
beneficial in exposing additional reaction sites for fac-
ile catalysis interaction with substrates while retaining 
electrons conduction Fig.  1(e). These defect sites help 
the conjugated carbon system by changing its electri-
cal charge distribution and acting as redox-active func-
tional groups. In a similar study, Xu et al. examined the 
defect degree of PBC, NBCs, and Fe@N co-doped BC, 
and found that the Fe@N co-doped BC had more defects 
(Gao et al. 2022).

FTIR spectrum was performed within the range of 
4000–400  cm−1 to determine the functionalities of 

BC, Fig.  2(i). The broad bands at 3450–3550  cm−1 may 
indicate the OH stretching vibration associated with 
hydroxyl functional groups found in alcohols, phenol, 
and carboxylic acid. At 2920  cm−1, an aliphatic C–H 
stretching band is observed, indicating that the cellulose 
is not completely carbonized during pyrolysis. The weak 
peak at 2930 cm−1 corresponds to the alkyl group’s sym-
metric C–H stretching, almost disappearing in Co-Fe/
BC. The presence of Co and Fe reduces the activation 
barrier for C-H bond cleavage, promoting their decom-
position. The band observed at 1725  cm−1 corresponds 
to the C = O vibration in carbonyl groups, while the band 
ranging from 1625–1680  cm−1  is attributed to C = C 
stretching vibration, additionally, the band at 1600 cm−1 
is linked to quinone groups. A blue shift is noted in the 
peaks: PBC shows a peak around 1635 cm−1, whereas Fe/
BC, Co/BC, and Co-Fe/BC display peaks at 1676  cm−1, 
1671 cm−1, and 1681 cm−1, respectively, which indicates 
a stronger bond with the metals. The bands from 1038–
1084 cm−1 relate to the C–O–C stretching vibration, with 
the most intense peak at 1077  cm−1  attributed to C–O, 
promoting the enhancement of electron transfer in func-
tionalized BC, Fig. 2(i). This observation is strongly sup-
ported by XPS C1s analysis, where a notable increase in 
the relative percentage of the C–O component and the 
C = O was observed in Co-Fe/BC compared to PBC; fur-
thermore, the O1s spectrum reveals distinct components 
for lattice oxygen and surface oxygen species (C–O/O–
H), suggesting enhanced functionalization on the BC sur-
face. It can be concluded that BC materials have a high 
concentration of oxygen-containing functional groups. 
The bands at 854  cm−1 and 565  cm−1 are attributed to 
Fe–OH bending vibrations and Fe–O stretching vibra-
tions, respectively. Additionally, the bands in the range of 
520–540  cm−1  correspond to Co–O vibrations, indicat-
ing the metal-carboxyl coordination can be confirmed 
from XPS results (Wang et al. 2020).

These mixed-metal complexes can alter the electronic 
environment around the oxygen atoms, potentially lead-
ing to less distinct C-O bond stretching (Rahman et  al. 
2021). The interactions between the two different metal 
ions and the oxygen-containing groups might not be as 
strong or specific as the interactions with a single type 
of metal ion, leading to reduced intensity of the C–O 
stretching vibration. Wu et  al., concluded that mag-
netic BC displayed the distinctive Fe–O peak appears at 
574.7  cm−1, in contrast, the most prominent intensity 
peaks are located at 1020.1  cm−1 and 3417  cm−1, corre-
sponding to O–H and C–O stretching vibrations, which 
facilitate electron transfer (Wu et al. 2024).
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3.3 � Electrochemical characteristics of BCs
Conventional carbonaceous materials have anion 
exchange sites for photo-fermentative biohydrogen pro-
duction. Zeta potential is a useful surface property for 
measuring material surface charge and stability. PBC is 
a material with a negatively charged surface and a low 
zeta potential, signifying a substantial concentration of 
bioactive compounds (Simoes dos Reis, et al. 2022), due 
to this, its surface has electrostatic repulsion to anions. 
To increase the anion exchange site for surface charges, 
the surface chemistry of BC was modified by dual metal 
functionalization. The shifting towards positive zeta 
potential for Co/BC, Fe/BC, and Co-Fe/BC validates the 
effective deposition of Co and Fe on the BC surface and 
demonstrates that metal functionalization affects the 
BC surface charges and can enhance electron transfer 
Fig.  3(a) (Hosny et  al. 2022). The combination of metal 
functionalization may improve SSA and the dispersion of 
exposed iron and cobalt sites by a comprehensive mix of 
functionalized Fe3+ and Co2+, which tends to move the 
zeta potential toward positive. The positive zeta poten-
tial in Co-Fe/BC indicates that Co-Fe-functionalization 
changes the surface charges of BC Fig. 3(a), which facili-
tates electrostatic interaction with the  anionic surfaces 
and may provide more active sites, enhancing biohydro-
gen production.

The electrochemical redox behaviour of PBC and 
metal-functionalized BC was characterized by CV, and 
the findings are shown in Fig. 3(b). Due to the distinctive 
shifts in the redox states of the catalyst’s surface groups, 
the voltammograms appear to be featureless yet exhibit 
broad curvatures and potentials are referenced to RHE. 
A broad redox peak was observed in all BC electrodes, 
possibly owing to phenols and quinone groups on the 
BC surfaces. The lack of sharp peaks in the BC voltam-
mograms implies the absence of the free metal particles 
on the BC surfaces, although the CV of the Co-Fe/BC 
reveals a redox peak centred near 0.34 V, and the redox 
current was 1.22  mA. Furthermore, the comparatively 
large integral area of the CV curve suggests that the 
Co-Fe/BC group has a greater specific capacitance (Gao 
et al. 2024). This may be expected because of the changes 
in the oxidation states of iron and cobalt species as Fe3+/
Fe2+ and Co2+/Co3+ on the BC surface, as can be seen in 
the XPS analysis Fig. 2. The redox behavior of Co-Fe/BC 
was dominated by the redox species than PBC (0.59 mA), 
Co/BC (0.72  mA), and Fe/BC (0.99  mA). The height of 
the redox peak lowered in PBC, Co/BC, and Fe/BC, pre-
sumably due to either one-electron redox of the surface 
quinone-hydroquinone group or a reduction in surface 
functionality groups. A decreased electron transfer capa-
bility for PBC can be postulated because the functional 
groups on BC’s surface are essential for the electron 

transfer process. Pyrogenic carbon derived from wooden 
biomass is characterized by surface functional groups, 
facilitating the accelerated direct intracellular electron 
transfer (DIET) mechanism associated with redox behav-
iour (Sathishkumar et al. 2020). In addition to providing 
adsorption sites for electron acceptors, BC transfers elec-
trons and promotes the development of microorganisms, 
which directly correlates with improved catalytic activity.

LSV of PBC and metal-functionalized BC evaluat-
ing the electron transfer mechanism, the high current 
response showed that BC had good electrical conductiv-
ity, Fig. 3(c). For PBC, these electrodes have extremely low 
current densities, falling between 1.04 and −  4.16  mA/
cm2, the possible reason was that they had low SSA and 
no transition metal content. The current densities of 
Co/BC and Fe/BC electrodes were improved to 2.44 to 
− 3.84 mA/cm2 and 1.37 to − 6.86 mA/cm2, respectively. 
It is  noted that compared with PBC, the current densi-
ties of Co/BC and Fe/BC electrodes were significantly 
increased, by increasing the SSA due to the  loading of 
transition metals. Higher current densities ranging from 
3.04 to − 6.89 mA/cm2 were observed on Co-Fe/BC, veri-
fying the promotion of Fe2+ for Co3+ reduction, creating 
OVs to maintain charge neutrality, thus enhancing EET 
(Guo et  al. 2023a). The LSV current densities (Fig.  3c) 
indicate that the sharp drop in the low current density 
for all BC, particularly for Co-Fe/BC, is less pronounced 
than for other BC. A more considerable improvement 
in the BC current density was achieved by inserting 
iron and cobalt transition metals within the  BC struc-
ture, as shown by the positive shift in the catalytic activ-
ity (Zhang et al. 2022). BC’s high SSA and nano-porous 
size would help the PF by increasing the electrode–elec-
trolyte contact area, allowing O2 to diffuse and exposing 
more catalytically active sites. Meanwhile, pore size plays 
a crucial role; for instance, the micropore structure pro-
vides active sites that promote catalytic activity, while the 
mesopore structure supports microbial growth. Thus, an 
ideal combination of micropores and mesopores would 
enhance the electrochemical performance of BC.

The Nyquist plot can be utilized through the EIS anal-
ysis to ascertain the different BCs’ resistance and gain 
insight into the kinetics of ion diffusion at the electrode–
electrolyte interface, and all potentials are referenced to 
RHE. The EIS of the PBC, Co/BC, Fe/BC, and Co-Fe/
BC were conducted at open circuit potential, from 105 to 
1 Hz, and the results obtained are shown in Fig. 3(d). The 
Nyquist plot displays the imaginary part of impedance 
(-Z’’) against the real part (Z’) over a range of frequen-
cies (Xia et al. 2022). Each BC’s charge-transfer resistance 
is directly proportional to the semicircle’s diameter. Arc 
radius corresponds to the electron transfer efficiency, and 
it is widely recognized that the smallest radius decreases 
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the transfer resistance and increases the electron trans-
fer rate (Mei et  al. 2018). The high photocatalytic per-
formance of Co-Fe/BC was confirmed by its arc radius 
being  smaller than that of PBC, which leads to a faster 
electron transfer (Eltaweil et  al. 2022). The Randles’ 
Model and modified double time constant equivalent 
model fitted the Nyquist plot in Zview software to cal-
culate the parameters, including solution resistance (Rs), 
charge transfer resistance (Rct), constant phase element 
(CPE1, 2-T. CPE1, 2-P), the use of CPE accounts for the 
non-ideal, heterogeneous surface of the porous BC elec-
trodes, and the modified circuit is given in the inset of 
Fig. 3d. The Rs values for PBC, Co/BC, Fe/BC, and Co-Fe/
BC were recorded as 13.09Ω, 9.27Ω, 7.47Ω, 7.09Ω, 
respectively, which corresponds to the contact resistance 
of the current collector and the ohmic resistance of the 
interface. While the Rct values for PBC, Co/BC, Fe/BC, 
and Co-Fe/BC were recorded as 4.66Ω, 3.06Ω, 2.45Ω, 
and 1.74Ω, electron transfer was probably enhanced 
in Co-Fe/BC since it has the lowest Rct value as lower 
Rct values favoured electron transfer. The CPE1 (CPE1-
T, CPE1-P) values for PBC, Co/BC, Fe/BC and Co-Fe/
BC were recorded as (1.69E−6 F/s(P−1), 4.12 E−5 F/s(P−1), 
3.89E−5 F/s(P−1), 2.77E−5 F/s(P−1)) and (0.83, 0.75, 0.88 
and 0.93) respectively. The CPE1-P value for Co-Fe/BC 
is close to 1, which indicates the ideal capacitor and the 

contribution of both the double layer and diffusion pro-
cess, which indicates a favourable surface for facilitating 
electron movement via a conductive pathway and CPE1-
T enhanced charge accumulation capacity (Atika And 
R.K. Dutta 2021). The CPE2 (CPE2-T, CPE2-P) values 
for Co/BC, and Fe/BC were recorded as (1.47E−5 F/s(P−1), 
6.62 E−5 F/s(P−1)) and (0.81, and 0.82) respectively. The 
knee frequency is illustrated as the utmost frequency at 
which the capacitive reaction is predominant, and resist-
ance is negligible. Thus, the knee frequency of Co-Fe/BC 
(682 Hz) is higher than those of Fe/BC (563 Hz), Co/BC 
(464 Hz), and PBC (261 Hz), indicating that the first has 
a lower charge‐transfer resistance compared to the sec-
ond BC, this phenomenon is expected because PBC may 
not have many active sites while Fe/Co have catalytic 
sites that facilitate charge transfer (Xia et al. 2022; Wang 
et al. 2019). The EIS can be correlated with XPS, where 
the coexistence of Co+2/Fe+3, Co+3/Fe+2) oxidation states 
indicates a mixed valence system capable of facilitating 
electron transfer through redox transition (Abbas et  al. 
2023). The faster interfacial kinetics can be attributed to 
the synergistic effect of Co and Fe species. The EIS results 
having lower Rct for Co-Fe/BC are consistent with LSV 
results, which showed that Co-Fe/BC has more current 
densities.

Fig. 3  Electrochemical characteristics of BCs. a Zeta potential measurements of PBC and metal functionalized BCs. b CV measurements. c LSV 
curves. d EIS spectra for PBC and metal functionalized BC. e, f Reductive and oxidative current responses of PBC and Co-Fe/BC
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BC possesses several redox groups and exhibits elec-
tron-transfer capability, potentially influencing its cata-
lytic activity. The electron-accepting capacity (EAC) and 
electron-donating capacity (EDC) of PBC, Co/BC, Fe/
BC, and Co-Fe/BC were examined using CA  to analyze 
the impacts of electron transfer in BC. The redox cur-
rent peaks of PBC and Co-Fe/BC illustrated that BC had 
both EAC and EDC Fig. 3e, f (Shu et al. 2022), EDC and 
EAC of Co/BC and Fe/BC can be seen in Fig.  2S(a, b). 
The electron-transfer capacity of  Co-Fe/BC was dem-
onstrated by its significantly higher EAC and EDC val-
ues than those of PBC, Co/BC, and Fe/BC. The Co-Fe/
BC had a higher EDC of 8 mM e−/g, than PBC (0.90 mM 
e−/g), Co/BC (1.31 mM e−/g), and Fe/BC (5.94 mM e−/g), 
indicating that Co-Fe/BC more easily establishes a reduc-
tive environment which promotes the proliferation of 
more active sites. These findings suggest that Co-Fe/BC 
is more appropriate for promoting reactive species due to 
its enhanced electron-donating capacity; therefore, it is a 
potential candidate for improvement within the fermen-
tative medium (Sathishkumar et al. 2020).

DPV explored extracellular electroactive mediators 
using CV as an alternative electrochemical approach with 
increased sensitivity/selectivity for studying electroactive 
shuttles. Redox-active compounds, including quinone, 
cytochrome C (c-Cyts), flavin, and rhibo/flavin, have 
been recognized as electron shuttles excreted by bac-
teria to promote biofilm EET and interspecies interac-
tions. The DPV evaluation of PBC revealed distinct redox 
peaks at potentials of −  145  mV, − 280  mV, − 495  mV, 
and − 625 mV, which have been assigned to redox-active 
biomolecules, including cytochrome c-Cyts, c-Cyts/fla-
vin interface, flavin, and riboflavin/FMN (flavin mono-
nucleotide) complexes, respectively. These peaks reflect 
the interaction between EET dynamics and intracellu-
lar metabolic regulation, underscoring the role of redox 
mediators in bridging electron flux between extracellu-
lar environments and microbial respiration. In compari-
son, Co/BC and Fe/BC exhibited shifted redox peaks at 
− 115/− 105 mV, − 285/− 260 mV, − 470/− 425 mV, and 
−  645/−  605  mV, which suggest the emergence of tai-
lored electroactive shuttles, likely mediated by the incor-
poration of transition metals, which modulate the redox 
behavior of electron carriers. The characteristic peaks 
at − 125 mV, − 235 mV, − 430 mV, and − 575 mV were 
detected in Co-Fe/BC, where c-type cytochromes facili-
tate electron transfer across membranes, with flavin act-
ing as a free mediator in the EET process (Fig. 4). Their 
co-existence might suggest a pathway for electron trans-
fer among electroactive bacteria during our fermentation 
process systems. Metal-specific interactions with extra-
cellular biomolecules may improve electron transport 

efficiency or provide new redox pathways due to changed 
peak positions.

The point of concern was that compared with the PBC, 
the Co-Fe/BC oxidation peak current of c-cytochrome 
and Flavin increased from 4.754/5.129 μA to 8.708/9.599 
μA with the positive shift of peak potential from 
− 145/− 495 mV to − 125/− 430 mV, respectively, indi-
cating the promotion of metal based BC on the IET/EET 
pathway via c-cytochrome and flavin. It has been shown 
that IET/EET may occur directly between electroactive 
microorganisms via conductive carbon-based materi-
als rather than depending on electrically conductive 
flavin/c-type cytochrome associated in biological inter-
species electrical connections. Substituting conductive 
secretions with biochar might decrease the use of energy 
for electron transfer, which may be a major component 
in enhancing hydrogen generation (Jia et  al. 2021). This 
shows how metal doping affects biochar electrochemistry 
and suggests engineering techniques to optimize electron 
exchange in bioelectrochemical interfaces.

3.4 � Investigating the role of functionalized BC on PFHP
Figure 5(a, b) displays the effects of different concentra-
tions of PBC and Co-Fe/BC, and Fig.  3S(a) of Co/BC 
and Fe/BC on H2 production rate (HPR) and  cumula-
tive H2 yield (CHY). It can be seen that the PFHP lasts 
for 12–48 h straight, and the CHY starts to stabilize after 
48 h. This is because photosynthetic bacteria were barely 
inactive in the early stages of fermentation, and subse-
quently, the metabolism led to VFAs producing biohy-
drogen and saturation at the end of the experiment.

It was observed that bioreactors loaded with PCB con-
centrations of (0, 10, 20, 30, 40, and 50 mg/L), produced 
the HPR of (62.0, 65.67, 59.67, 52.74, and 47.85  mL/h), 
respectively. The highest HPR recorded was 65.67 mL/h 
at 36  h in the batch, with the bioreactor containing 
20 mg/L of PBC, which is 15.76% greater than the HPR 
for CG, which stood at 62.00 mL/h. Functionalizing BC 
with Co and Fe enhances HPR, demonstrating maximum 
values of 71.77 and 79.16  mL/h when bioreactors are 
supplied with the optimal dose of 20 mg/L, respectively. 
Experimental results exhibited that the HPR increase 
at an optimal concentration (20 mg/L) with Co/BC was 
16.97, which is 15.76% higher compared to CG and PCB. 
In contrast, the incorporation of Fe/BC produced 29.01, 
which is 27.68% higher HPR compared to CG and PBC, 
respectively, Fig.  3S(a). More importantly, when the 
BC was functionalized with dual metals (Co and Fe), 
there is  a remarkable increase in HPR as the  highest 
value of 123.69 mL/h was observed when the bioreactor 
was loaded with Co-Fe/BC concentration of 20  mg/L, 
whereas bioreactors loaded with concentration of 10, 30, 
40, and 50 mg/L produced HPR of 72.0, 120.77, 112.51, 
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and 85.57 mL/h respectively. Thus, CG has a maximum 
HPR of 61.36 whereas bioreactors loaded with optimal 
dose (20  mg/L) of Co-Fe/BC exhibited the maximum 
HPR of (123.69  mL/h), which was 101.61, 88.15, 72.34, 
and 39.11% higher compared to bioreactors of CG, PBC 
(65.74 mL/h at 30 mg/L), Co/BC (71.77 mL/h at), and Fe/
BC (88.92  mL/h at) respectively, Fig.  5(c). The increase 
in HPR is related to the boost in photosynthetic bac-
teria’s growth, accelerating the release from inactivity 
and increasing the production of biohydrogen. Adding 
BC can efficiently shorten the biohydrogen production 
period, as shown by the notably reduced lag time and the 
smaller duration of all BC’s HPR curves compared to the 
CG (Ramzan et al. 2024). Although the incorporation of 
BC has a positive effect on biohydrogen production but 
an excess amount of BC could cause an inhibiting effect. 
The decrease in biohydrogen production with the incor-
poration of BC beyond their threshold concentrations 
can be related to an overdose of BC which potentially 
prevents light penetration (probably as a result of the 
accumulation and collision of BC grains) into the bacte-
ria, eventually leading to retardation of cell growth (Meng 
et al. 2023). A threshold amount is generally required to 
optimize the quantity of BC required to positively impact 

pH, promote the proliferation of H2-producing bacteria, 
and minimize the lag period of bacterial growth.

It is observed that the addition of functionalized BC 
also shows a remarkable effect on the CHY when biore-
actors were incorporated with various concentrations of 
BCs, Fig.  5(b). Incorporating PBC with loading concen-
trations of (10, 20, 30, 40, and 50 mg/L) leads to CHY of 
(131.7, 131.86, 155.31, 142.14, and 143.25  mL) respec-
tively. Whereas when bioreactors were loaded with func-
tionalized BC of (Co/BC, and Fe/BC), the incorporation 
with doses (10, 20, 30, 40, and 50 mg/L) led to CHY pro-
duction of (129.17, 176.43, 162.48, 124.86, 114.81  mL), 
and (125.2, 207.1, 199.21, 194.86, and 148.41 mL) respec-
tively. It is worth noting that when BC was functional-
ized with dual metals of Co and Fe, the enhancement in 
biohydrogen production was remarkable as the incor-
poration of Co-Fe/BC with loading concentrations of 
(10, 20, 30, 40, and 50 mg/L) produced CHY of (149.50, 
255.60, 217.72, 189.73, and 148.99 mL) respectively. Thus 
the highest CHY in bioreactors loaded with (Co/BC, 
Fe/BC, and Co-Fe/BC) at their optimal concentrations 
of 20  mg/L produced (176.43, 207.10, and 255.60  mL) 
which is (13.60%, 33.35%, and 64.57%) higher compared 
with PCB respectively. Whereas when compared with 
their respective CGs, the incorporation of optimal doses 
of (Co/BC, Fe/BC, and Co-Fe/BC) leads to an increase 
in CHY by (40.18, 64.55, and 103.10%), respectively, 
Fig. 5(d).

The remarkable increase in HPR, and CHY with func-
tionalization of Co and Fe may be due to the fact of 
enhanced charge transfer capacity of the BC as dual 
metal functionalization increases the SSA, which leads 
to the formation of surface dangling bonds, hence the 
creation of OV which helps to transfer the charges more 
faster compared with the PBC. Creating OVs in Fe/BC is 
more endothermic than Co/BC due to the greater bond 
strength of Fe–O bonds than Co–O bonds, and the 
reduction of Fe3+ to Fe2+ releases less energy than the 
reduction of Co3+ to Co2+. As a result of the introduc-
tion of holes (h +) in the Fe/BC, the OV concentration 
increases by several orders of magnitude. The low-spin 
state of Co3+ in Co/BC leads to the lowest OV formation 
energy among its near-degenerate magnetic configura-
tions (Ritzmann 2016). Results depicted that the experi-
mental groups showed remarkable performance in an 
order of Co-Fe/BC ˃ Fe/BC ˃ Co/BC ˃ PBC ˃ CG. The pos-
itive impact of the small amounts of cobalt and iron ions 
released from the surface of BC during the fermentation 
process can be attributed to the improved performance 
of dual metal functionalized BC. Therefore, a suitable 
concentration of co-functionalized BC can improve the 
HPR and reduce the PFHP’s lag time, than other experi-
mental groups, which is of great significance for PFHP.

Fig. 4  Differential pulse voltammetry analysis to ascertain electron 
transfer in different BC system
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3.5 � Effects of BC on the photo‑fermentative pathway
Due to its buffering groups, such as phosphates, amino 
acids, and carbonates, BC can mitigate the accumulation 
of specific acids, improve the alkalinity of the fermenta-
tion media, and enhance the system’s acid resistance. 
Changes in the soluble metabolites (SMs), such as etha-
nol and VFAs (mostly linked to acetate, butyrate, and 
propionic acid), usually accompany fluctuations in bio-
hydrogen production across the whole fermentation 
process.

The addition of the various BC substantially enhanced 
the final SMs concentration in the fermentation pro-
cess of the PBC, Co/BC, Fe/BC, and Co-Fe/BC groups, 
Fig.  6(a–e). The SMs fluctuation curves of PBC, Co/
BC, Fe/BC, and Co-Fe/BC groups were almost similar, 
where the predominant SMs were acetate and butyrate, 
but their final SMs concentration varied. The CG pro-
duced 5.28 g/L SMs, which contained 2.77 g/L butyrate 
and 2.51  g/L acetate, following the butyrate pathway 

for hydrogen production (Liu et  al. 2023b). The incor-
poration of Fe/BC and Co/BC produced 11.91  g/L and 
10.91  g/L final SMs at an optimal loading concentra-
tion of 20  mg/L, respectively. The experimental results 
showed that observed SMs in bioreactors loaded with 
optimal PBC, Fe/BC, and Co/BC are 66.85%, 125.37%, 
and 106.62% higher than the CG, respectively. Whereas 
the final SMs in the bioreactor loaded with Co-Fe/BC 
group (20 mg/L) was 12.83 g/L with the dominant VFAs 
of acetate and butyrate, which is 154.58% and 41.15% 
higher than CG, respectively, where the propionic acid 
concentration in the Co-Fe/BC group was slightly lower 
than the CG. The findings presented that the (20 mg/L) 
optimum loading concentration of Co-Fe/BC signifi-
cantly affects the metabolic rate, leading to 13.43%, 
6.91%, 13.53%, and 16.63% higher SMs than other doses 
(10 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L), respectively. 
The increase in SMs can be due to organic overloading 
at increased BC concentrations. The experimental results 

Fig. 5  Effect of BC on H2 production characteristics: a H2 production rate; b Cumulative H2 yield; c HPR at optimal loading dose; d CHY at optimal 
loading dose
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are consistent with the previous finding (Sunyoto et  al. 
2016), which found butyric and acetic acid as the main 
VFAs at a lower BC loading of 8.30  g/L. At higher BC 
loading (> 12.50  g/L), propionate-producing microbes 
were activated in the mixed culture, which reduced the 
biohydrogen yield due to the consumption of biohydro-
gen in the propionate pathway.

The metabolic pathway shows that when ethanol and 
propionate were the metabolites, no biohydrogen  was 
produced; hence, these metabolites somewhat decreased 
the biohydrogen yield. Because of the high acetate con-
centrations, the Co-Fe/BC group had the highest SMs 
concentration (2.68  g/L) at 24  h. Then SMs concentra-
tion declined to 2.35 g/L whereas the biohydrogen level 
increased, and remained steady in the final stages of fer-
mentation, Fig.  6(e). This could be due to BC’s greater 
SSA absorbing part of the fermentative broth’s metabo-
lites to prevent acidification and enable bacterial metabo-
lism, preserving the system’s stability (Guo et al. 2023b). 
Due to lower SSA than Co-Fe/BC, the PBC group con-
tinued to have less acid gathering throughout the fer-
mentation process, particularly for acetate and butyrate, 
and their ultimate total concentration was just 8.81 g/L, 
which was 31.33% lower than Co-Fe/BC. Experimen-
tal findings suggested that supplementing Fe and Co by 
efficiently using acetate and butyrate may regulate the 
pH, leading to an increase in the biohydrogen yield. Pre-
vious research findings revealed that BC derived from 
rice straw enhanced glucose degradation and biohydro-
gen productivity because conductive NDBC reduced 
the EtOH pathway, whereas the HAc and HBu pathways 
were selectively enhanced, consistent with our results (Li 
et al. 2020b).

Appropriate concentrations of SMs might provide 
moderate pH conditions because it is known that some 
functional groups on the BC surface functioned as pH 
buffer during biohydrogen generation (4.5–6), facilitat-
ing microbial growth and producing high biohydrogen 
yield by converting BA to AA pathway Fig. 6(e) facilitated 
by DIET. Biohydrogen is rapidly produced following the 
acetate and butyrate pathways, but high-carbon metabo-
lite accumulation could lead to a significant drop in pH, 
which harms the microorganisms. As a result, acetate-
type development becomes more prevalent, reducing 
excess H+ and increasing stable biohydrogen production. 
Thus, butyric acid is generally directly linked with  the 
biohydrogen generation rate, whereas acetic acid posi-
tively correlates with the accumulated biohydrogen yield. 
Biochar’s inherent pH buffering ability, in line with Li 
et  al.’s findings, is vital for reducing typical acid inhibi-
tion and maintaining an optimal pH environment that 
selectively encourages the growth and enzymatic activ-
ity of microorganisms in the acetic acid pathway, thus 

lowering butyrate production (Li et al. 2025). Therefore, 
in our photo-fermentative system, the combined effect of 
biochar’s pH buffering and its advanced EET capabilities 
drives a key metabolic shift from the less efficient butyric 
acid pathway to the more hydrogen-yielding acetic acid 
pathway. Similarly, for the C. tyrobutyricum in the anaer-
obic digestion system, acetate (53.31%) and butyrate 
(26.60%) were produced by BC addition, which resulted 
in 44.81% enhancement in HY (Li et al. 2020b). The facts 
showed that BC either influenced bacterial abundance 
and community structure or facilitated the transfer of 
electrons during biohydrogen development. Another 
explanation for DIET is that the butyrate-oxidizing bac-
teria utilize BC as the transient electron (e−) acceptor 
in the dormant metabolism of methanogenic archaea to 
oxidize butyrate to acetate.

3.6 � Effect of BC on ORP, RS, and pH
The ability of anaerobic fermentation is linked to the oxi-
dation–reduction characteristics of fermentation broth, 
and the redox potential may show how free electrons 
in the broth react when used as a medium in the PFHP 
process. It has been seen that all the bioreactors loaded 
with BCs showed more negative ORP values between 
0-36  h as compared to the bioreactor of CG, which is 
possibly correlated to the photogenerated e− gener-
ated by Co and Fe functionalized BC involved in PFHP, 
Fig.  4S(a, b) (Nadeem et  al. 2020). It was observed that 
the PBC obtained (− 416 mV) ORP, and the lowest ORP 
(− 502  mV) at 24  h was obtained for the Co-Fe/BC at 
20 mg/L optimal loading concentration, which was 23.07, 
and 65.69% lower compared to the CG (− 309  mV), 
respectively. It can also be seen that co-functionalized BC 
obtained 10.10%, and 8.41% lower ORP than Fe/BC and 
Co/BC, respectively, Fig. 4S (a, b). The findings show that 
the co-functionalized BC can improve PFHP by enhanc-
ing the reducing environment, strengthening the capacity 
of H+ for capturing e−, and increasing biohydrogen pro-
duction. This phenomenon results from the previously 
described changes, in which the Co and Fe introduced 
additional redox-active sites, leading to an enhancement 
in the catalytic activity of the BC also high SSA and the 
well-developed porous structure can facilitate active sites 
for photocatalytic reactions, facilitate ion diffusion, and 
enhance the PFHP performance (Nadeem et al. 2020).

The variation in RS concentration during the fermenta-
tion process can also affect the PFHP efficiency. As can 
be seen from Fig. 4S(c), the CG obtained the RS (2.26 g/L) 
at 12  h after that the RS started to decrease, while the 
experimental group with Co-Fe/BC obtained the high-
est RS (6.45 g/L) at 12 h. It is observed that in compari-
son to Fe/BC, Co/BC, PBC, and CG, the incorporation 
of Co-Fe/BC enhanced the sugar by 25.97%, 51.40%, 
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85.34%, and 185.39%, respectively, which is 2.85-fold 
higher compared to CG. Moreover, the incorporation of 
Fe/BC, Co/BC, and PBC reduced the sugar by 2.26, 1.88, 
and 1.53-fold compared to the CG, respectively. This may 

be because the incorporation of BC improved PNSB’s 
usage of light energy and reduced the inactivity time. 
PNSB was able to use the RS following cellulose digestion 
quickly and convert them into VFAs for the biohydrogen 

Fig. 6  Effect of BC on soluble metabolites resulting from PFHP: a Acetic Acid, b Butyric Acid, c Propionic Acid, d Ethanol, and e Acetic/Butyric Acid 
ratio of CG and BCs
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production, whereas the CG had a more extended delay 
period. It was noticed that during the entire fermentation 
process, bioreactors loaded with Co and Fe co-function-
alized BC reduced higher sugars compared with other 
experimental groups. This may be due to the high activ-
ity of PNSB at Co and Fe functionalized BC, which has a 
strong ability to metabolize RS to acids and can provide 
indispensable nutrients for microbial growth by improv-
ing the activities of hydrogenase and biohydrogen pro-
duction (Usman et al. 2024).

The effect of BC on PFHP and RS consumption may be 
attributed to the fact that incomplete RS consumption 
occurs when pH levels decline significantly as a result of 
acid accumulation. As shown in Fig. 4S(d), after 24 h the 
pH values of each group was in the acidic range (4.99–
5.80), due to the rapid conversion of RS into VFAs, when 
the PNSB was inactive and had not yet used the VFAs to 
produce biohydrogen at the start of fermentation, leading 
to the acid accumulation. After 24 h, the BC-containing 
groups stabilized the system pH due to their buffering 
capacity, produced biohydrogen by consuming the VFAs, 
and converted RS to produce acids, which were in a 
dynamic equilibrium. It is observed that during the initial 
time (24  h), the pH of the Co and Fe co-functionalized 
BC was the lowest as compared to other experimental 
groups (CG, PBC, Co/BC, and Fe/BC) which produced 
pH of 5.70, 5.41, 5.14, and 5.12, respectively. This varia-
tion in pH suggested that excessive amounts of Co and 
Fe functionalization on BC might hinder light penetra-
tion into the bacterium and cause cell development retar-
dation, most likely as a result of BC grains colliding and 
accumulating. Thus, a suitable co-functionalization of 
both metals may positively affect pH, H2-producing bac-
terial growth, biofilm formation, and lag phase shorten-
ing (Li et al. 2020b).

3.7 � Kinetic model of functionalized BC for biohydrogen 
production

For better understanding and investigation, the kinetic 
parameters P, Rmax, and x were studied to evaluate the 
performance of CG, PBC, Co/BC, Fe/BC, and Co-Fe/
BC in PFHP. The (P, Rmax, and x) kinetic parameters 
obtained are summarized in Table 2 by fitting the modi-
fied Gompertz model. The R2 values above 0.99 indicate 
a good agreement between theoretical predictions and 
experimental results, Fig. 5S. Using the optimal concen-
tration of Co-Fe/BC (20 mg/L), the time it takes to pro-
duce biohydrogen is significantly shorter than that of the 
CG.

The bacterial growth rate increases as the nutrient 
concentration increases until it reaches an inhibitory 
level, at which point the growth rate drops. The satura-
tion constant, Ks, shows the impact of the CG and BC 

groups on bacterial growth from the  Monod equation. 
The saturation constant, Ks, indicates the concentra-
tion that sustains half-maximal bacterial growth under 
certain conditions. This model suggests that the PFHP 
process employs sugar metabolism, consistent with  the 
high sugar usage shown in Fig. 4S(c). The optimal growth 
rate occurs when  the substrate concentration (S) in the 
Co-Fe/BC exceeds the Ks, and all required nutrient con-
centrations are equal in all experimental groups.

3.8 � Effects of the functionalized BC on the bacterial 
community structures

The relationship between the supplementation of vari-
ous functionalized BC and the community structure of 
microbes is a critical indicator of biohydrogen produc-
tion. To further study the influence of functionalized 
BC including CG, PBC, Co/BC, Fe/BC, and Co-Fe/BC, 
we conducted a phylogenetic analysis of (16S rRNA) gene 
sequences to determine the composition of the microbial 
community and the results are shown in Fig. 7 and Fig. 6S 
(a, b). It was observed that the bacteria were sensitive to 
BC supplementation and functionalized metals, resulting 
in a  greater diversity of the bacterial community com-
pared to the CG. The increase in diversity was evident at 
both the phylum and genus levels in the samples of CG, 
PBC, Co/BC, Fe/BC, and Co-Fe/BC. According to the 
phylogenetic categorization at  the phylum  level, Firmi-
cutes, Bacteroidetes, and Chloroflexi dominated the three 
samples; however, the abundance of each sample differed 
(Fig.  7(a). In CG trials, Firmicutes (88.25%), Proteobac-
teria  (4.72%), and Bacteroidetes  (7.19%) were found in 
major part, while Synergistetes (0.24%), Actinobacte-
ria  (0.7%), Patescibacteria  (0.04%), Chloroflexi (0.009%), 
and others (0.003%) were found in minor and main bac-
terial phyla of the total bacterial sequences Fig. 7(a).

The majority of studies have supported the assertion 
that Firmicutes bacteria have a superior capacity to fer-
ment and metabolize carbohydrates and lipids. Research-
ers have attributed this to the fact that certain bacteria of 
the Firmicutes phylum, which produce a greater number 
of enzymes responsible for carbohydrate degradation and 
fermentation (Stojanov et al. 2020). Firmicutes seemed to 
be the most prevalent phylum among all groups, with a 
proportion of 84.27%, 82.83%, 81.19%, and 79.42% in the 
CG, PBC, Co/BC, and Fe/BC and Co-Fe/BC, respectively. 
The fermentation condition was primarily enhanced by 
the buffering capacity of the biological systems under 
the addition of BC, as indicated by the reduced level of 
Firmicutes  in bioreactors; other phyla flourished under 
supplementation and enhanced the depolymerization 
of biomass to produce the monomers, which facilitated 
enhancement in biohydrogen production. While some 
strains cannot recover from the thermal shock process, 
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Firmicutes  can produce endospores to adapt and resist 
a harsh microenvironment. Firmicutes can produce bio-
hydrogen by utilizing glucose, and they contain a vari-
ety of H2-producing bacteria (HPB) (Liu, et  al. 2023). 
Under specific conditions, Firmicutes can redirect their 
metabolic emphasis from butyrate synthesis to alterna-
tive short-chain fatty acids such as acetate. This may 
arise from alterations in substrate availability or envi-
ronmental circumstances. For example, in the presence 
of more easily fermentable carbohydrates, the metabolic 
pathways may preferentially produce acetate instead 
of butyrate (Houtman et  al. 2022). Firmicutes’  primary 
function was to ensure the system’s stability. The addition 
of BC improved the system’s buffering capacity, while the 
addition of functionalized BC stabilized and enhanced 
the diversity of the microbial community.

Bacteroidetes  and Proteobacteria  were the next most 
abundant phyla after the Firmicutes  in all BC-supple-
mented systems, including CG (4.72%, 7.19%), PBC 
(5.84%, 9.68%), Co/BC (5.24%, 11.52%), Fe/BC (5.33%, 
13.13%), and Co-Fe/BC (4.44%, 14.0%), respectively. Sim-
ple polysaccharides and monosaccharides might be fer-
mented into VFAs by the physiologically varied species 
of the improved Proteobacteria phylum. Within the Bac-
teroidetes phylum,  Bacteroides  is an anaerobe  essential 
for converting organic substances into acetate, biohydro-
gen, and CO2. According to previous research, Bacteroi-
detes and Firmicutes  both have significant but distinct 
functions in biomass breakdown. Firmicutes  are more 
likely to play a pivotal role in the initial cellulose cleav-
age stage, while Bacteroidetes  play a larger role in the 
subsequent hemicellulose decomposition. The genera-
tion of the SMs caused a drop in pH early in the experi-
ment, and HPB’s consumption of the SMs for growth and 
biohydrogen production was associated with a later rise 
in pH. Under the supplementation of PBC, Co/BC, and 
Fe/BC, the abundance of these phyla altered and caused 

minor enhancement (Fig.  6S), but the functionalization 
of Co-Fe/BC had a  more profound effect on their com-
munity: Synergistetes  (0.99%), Actinobacteria (0.23%), 
Patescibacteria (0.52%), and Chloroflexi (0.293%).

Relative abundance analysis at the genus level 
demonstrated a significant shift in microbial com-
munity composition during the fermentation. Domi-
nant genera included Clostridium_sensu_stricto_1, 
Clostridium_sensu_stricto_11, Proteiniphilum, Clostrid-
ium_sensu_stricto_12, Enterococcus, Rummeliibacillus, 
Rhodopseudomonas, Clostridium_sensu_stricto_13, Tis-
sierella, Sporanaerobacter, Paraclostridium, Lentimi-
crobium, and  Bacillus  Fig.  7(b). Biohydrogen producing 
genus Clostridium was the most abundant genus (79% to 
89%) in all bioreactors CG (79.77%), PBC (83.62%), Co/
BC (86.54%), Fe/BC (84.63%), and  Co-Fe/BC (83.24%). 
Clostridium is a common genus that specializes in fer-
mentative biohydrogen production and can generate 
biohydrogen from glucose, sucrose, and xylose  (Liu, 
et  al. 2023).  The relative abundances of Clostridium_
sensu_stricto_1, Clostridium_sensu_stricto_12, Clostrid-
ium_sensu_stricto_13,  and Clostridium_sensu_stricto_11 
in the CG were 76.06%, 2.75%, 0.85%, and 0.09% in 
CG, respectively. The highest Clostridium genus abun-
dance was found in PBC, Co/BC, Fe/BC, and Co-Fe/
BC, at 79.77%, 80.52%, 86.03%, and 86.72%, respectively. 
Clostridium_sensu_stricto_1 (75.13%, 78.51%, 77.50%, 
70.01%), Clostridium_sensu_stricto_12 (7.51%, 8.06%, 
9.06%, 11.06%), Clostridium_sensu_stricto_13 (0.88%, 
1.92%, 1.92%, 2.02%), and Clostridium_sensu_stricto_11 
(0.09%, 0.10%, 0.12%, 0.142%) was found in PBC, Co/BC, 
Fe/BC, and Co-Fe/BC, respectively. The genus Clostrid-
ium is well-documented and recognized for its capacity 
to generate biohydrogen form lignocellulosic biomass. 
(Wang And Yin 2021).

Rummeliibacillus, Tissierella, Sporanaerobacter, Para-
clostridium, and Bacillus genera were found (0.7– 1%, 

Table 2  Kinetic analysis of functionalized BC for biohydrogen production

Model Modified gompertz model

Plot CG PBC30 Co/BC20 Fe/BC20 Co-Fe/BC20

P (mL) 133.37449
 ± 6.19846

169.28334
 ± 14.57005

183.32619
 ± 5.08632

219.54452
 ± 9.63345

260.16631
 ± 3.04997

R (mL/h) 17.55771
 ± 2.54286

20.06819
 ± 4.72023

20.55668
 ± 1.99558

24.90059
 ± 3.01323

37.10338
 ± 2.09132

X (h) 23.95048
 ± 1.59393

24.58962
 ± 2.7071

20.82218
 ± 1.13643

19.76729
 ± 1.36507

17.40402
 ± 0.50689

R2 (COD) 0.99524 0.99784 0.99821 0.99616 0.99957

Adj. R2 0.99207 0.99639 0.99701 0.99359 0.99928

Model plot Monod model

R2 0.97818 0.99883 0.99391 0.99921 0.99968
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Fig. 7  Effect of BCs on microbial community: a phylum level, b genus level
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0.2–0.7%, 0.09–0.22%, 0.02–0.2%, 0.01–0.11%, 0.05–
0.06%) in all groups; these genera were responsive to the 
addition of BC. After Clostridium, the dominant gen-
era were Proteiniphilum and Enterococcus, with abun-
dances of (2.67%, 3.32%), (4.34%, 2.95%), (6.21%, 1.85%), 
(4.12%, 3.95%) and (7.9%, 4.73%) in CG, PBC, Co/BC, 
Fe/BC, and Co-Fe/BC,  respectively.  Proteiniphilum, the 
sole significant bacterial genus in the Bacteroidetes phy-
lum, also eventually  exhibited the  oxidation pathway of 
acetate. At present, it is regarded that the role of Pro-
teiniphilum species is limited to hydrolysis and fermen-
tation (Feng et al. 2023). The Enterococcus genus, part of 
the phylum Firmicutes, represents a complex and evolv-
ing group of microorganisms. Enterococcus has been 
identified as a genus that produces a small amount of 
biohydrogen gas, according to certain research. How-
ever, other studies have revealed that acetate is the pri-
mary fermentative metabolite produced by Enterococcus, 
a group of lactic acid bacteria that may generate lactate, 
ethanol, and acetate as the end products of carbohydrate 
metabolism (Canto-Robertos et al. 2023). The previously 
described three genera were also identified in different 
anaerobic fermenters where loading with BC enhances 
the biohydrogen production through changing meta-
bolic pathways from butyrate − H2-type fermentation to 
acetate − H2-type fermentation. Thus, the addition of BC 
enhances the hydrogen-producing bacterial community, 
whereas engineering its microbial-electrochemical inter-
face through (Co and Fe in the present case) enhances 
microbial diversity, which fosters a mutualistic relation-
ship between the consortium and enhances diversity and 
EET, leading to enhanced biohydrogen production.

Based on the experimental results (Fig.  1, Fig.  3,  and 
Fig.  4), the effect of engineering surface of the PBC 
through Co and Fe can be conceptualized through 
Fig. 8, where the presence of Co and Fe at the interface 
provides electron-conducting channels in functionalized 
biochar, helping to increase the EET and metabolic rate, 
eventually leading to increased  biohydrogen produc-
tion. The use of 900 °C was critical to achieving a highly 
conductive carbon graphitized carbon matrix and stable 
Co-Fe nanostructure. Lower temperatures result in BC 
with poor conductivity, unstable metal dispersion, and 
insufficient OVs, factors that limit microbial-electrode 
interaction and catalytic performance. Co was chosen 
due to its redox activity (Co2+/Co3+), its ability to facili-
tate rapid electron transfer, and its catalytic role in  the 
biohydrogen production mechanism. Co also interacts 
favorably with outer-membrane redox proteins, such 
as cytochromes and flavins, thereby enhancing EET 
(Jiang et  al. 2023). Biohydrogen generation is an oxi-
dation–reduction process where H+ accepts electrons 
and is  reduced to produce biohydrogen. EET transfers 

electrons to H+, and this transfer efficiency significantly 
influences the yield and rate of biohydrogen generation. 
According to earlier research, EET has a greater electron 
transfer rate (44.9 × 103 e− /cell pair/s), and is thought 
to be a more stable and efficient channel, and conduc-
tive materials have been used to enhance it (Gu et  al. 
2023). The combination of Co and Fe creates a synergis-
tic redox environment, as signified by XPS, where Co and 
Fe contribute to mutual valence cycling and increased 
OVs formation. The EET energy demand is achieved 
by Co-Fe functionalization on BC, and microbial syn-
trophic interactions, Fig.  7. The remarkable increase in 
biohydrogen production is due to an enhancement in 
the charge transfer capacity of the Co-Fe/BC, which not 
only offers a significant  SSA and  a very porous struc-
ture that sustains  cellular viability. Co-Fe/BC proved 
vital to EET because its Fe and Co  function  as  electron 
conductors  in a photo-fermentative system, providing a 
direct electron transfer pathway and encouraging DIET, 
which raises the EET by drastically lowering the energy 
requirements of microorganisms, boosting metabolic 
activity, and improving biohydrogen yield. The results 
were further supported by the CV measurements which 
show that surface functionalization with dual metals 
of Fe and Co has higher current density as compared to 
the Co/BC, Fe/BC, and PBC, which could be due to the 
large SSA and the presence of additional charge carriers 
such as OVs which favors the biohydrogen production 
(Nadeem et  al. 2020). Dual metal functionalization can 
replace the catalytically active metal ion center, form-
ing OVs by charge compensation. The formation of OVs 
on the BC surface leads to the generation of one or two 
electrons that interact with the substrate molecules. The 
electrochemical results showed that BC with redox active 
sites showed superior electrical conductivity and reduced 
charge transfer resistance, thus enhancing the catalytic 
performance. Moreover, mesoporous structures stimu-
late microbial growth while micropore structures provide 
active sites for enzymatic activity; thus, BC electrochemi-
cal performance would improve with the combination of 
micropore-mesoporous structures. Furthermore, it was 
observed that Co-Fe/BC conceptualized as EEMs, facili-
tating enhanced electron flux across microbial species 
and thereby accelerating microbial metabolic pathways 
favorable for catalytic activity and hydrogen production 
(Yu et al. 2025).

In addition, Fe3+ regulates the community of microbes 
and improves hydrogenase activity, and the fermentative 
bacteria could grow freely on the BC’s surface and inside 
its porous structure, forming a biofilm. Fe3+ and Co2+ 
free radicals attack glycosidic linkages in biomass, leading 
to dehydration, decarboxylation, and condensation pro-
cesses during high-temperature (900 ℃) pyrolysis; this 
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enhances the defects and oxygen-containing functional 
groups of BC. The above method also produces reduc-
ing gases, facilitating the reduction of Fe3+ and Co2+. 
The iron oxide reduction may consume adjacent carbons 
at elevated temperatures, resulting in lattice expansion 
and increasing the pore volume of BC, and resulting in a 
multi-stage porous structure with enhanced SSA. Thus, 
the homogenous dispersion of Co-Fe/BC in the fermen-
tative medium provides more contact area of engineered 
BC to the microbes and facilitates the attachment of 
microbes, leading to an increase in their growth (Di et al. 
2022). In addition, the interconversion between Fe2+/
Fe3+ could improve the activity of [Ni–Fe] and [Fe–Fe] 
hydrogenases, and in ferredoxin, where ferritin serves as 
both a proton reductant for H2 molecules and an elec-
tron carrier for pyruvate oxidation to acetyl-CoA and 
CO2, the presence of Co2+ inhibits the accumulation of 
SMs, thereby effectively enhancing the biohydrogen yield 

(Mikheeva et al. 2022). The pyruvate ferredoxin oxidore-
ductase (PFOR) enzyme enhances the conversion process 
of pyruvate into acetyl-CoA under anoxic conditions; at 
the same time, it reduces ferredoxin from  Fd  to FdH 
(FdOx-FdRed) (Ji And Shen 2024). This FdH carries the 
electrons released when the substrate is oxidized to the 
hydrogenase so that the hydrogenase can reduce the pro-
ton to biohydrogen. When glucose is converted to pyru-
vate, the generated NADH serves as the precursor in an 
alternative path (the NADH pathway), and is oxidized by 
PFOR and NADH-dependent hydrogenases to produce 
H2. Compared to the NADH system, the formate path-
way is more sensitivity to pH variations. At pH 7–7.5, 
the formate pathway produced the maximum H2, but at 
lower pH levels below 5, it produced less. However, there 
was no apparent decrease in biohydrogen generation 
by the NADH route in response to the system pH shift 
(5–7.5), Fig. 4S.

Fig. 8  The proposed mechanism of BC working as an extracellular electron transfer for biohydrogen production
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Furthermore, the increase in biohydrogen production 
by incorporating engineered BC can also be supported 
by the experimental findings of metabolic by-products, 
where it was observed that the incorporation of engi-
neered BC altered the metabolic pathway from the BA to 
the  AA pathway, Fig.  6(e). The biohydrogen production 
shifts its metabolic pathway from butyric acid to acetic 
acid as described by theoretical Eqs. (4) and (5) (Noguer 
et al. 2022).

Simultaneously, the Co and Fe released by Co-Fe/BC 
may optimize the expression of PF functional genes and 
improve both the electron transfer and the glucose con-
version rates. The experimental findings of microbial 
community analysis confirmed that Firmicutes were the 
primary biohydrogen producers in the PF system, and 
the incorporation of Co-Fe/BC might enhance the abun-
dance of  Firmicutes within the microbial community. 
The metabolic shift in Clostridium results from a behav-
ioural alteration within the same microbial population, 
driven by pH-dependent adaptation mechanisms in the 
Clostridium genus that lead to the preferential production 
of acetic acid and butyric acid. The optimum pH is differ-
ent for each species or enzyme, which leads to varied bio-
reactions with changes in pH. In addition, the Gibbs free 
energy of reaction is influenced by the pH values, which 
suggests a significant effect of pH on responses from the 
thermodynamic perspective. It is generally concluded that 
acetic-butyric type fermentation always occurs at a pH 
range of 5.7–7, and acetic-propionic type fermentation 
dominates at pH values ranging from 5.0 to 6.0. In com-
parison, a low pH range < 4.5 favours acetic-ethanol-type 
fermentation (Jiao et al. 2022).

Thus, engineering of the microbial-electrochemical 
interface between host biochar and its composites with 
dual metals represents a promising roadmap for enhanc-
ing the biochemical conversion of lignocellulosic bio-
mass. The exceptional physicochemical properties, 
along with the synergistic interaction between carbon 
and metal nanomaterials at the interface, enable them 
to facilitate electron flow in various crucial stages of 
the  biochemical conversion of the biomass. Therefore, 
selecting  appropriate material for functionalization is 
of utmost requirement for the formation of continuous 
conducting channels, which enhances the charge transfer 
within the fermentative medium during PFHP by regulat-
ing the metabolic pathway.

(4)
C6H12O6 + 2H2O → 2CH3COOH

+ 2CO2 + 4H2�G = −206 kJ

(5)
C6H12O6 → CH3CH2CH2COOH

+ 2CO2 + 2H2�G = −254 kJ

4 � Conclusion
The  microbial-electrochemical interface of the biochar 
was altered through dual metal (Co and Fe) surface 
functionalization to enhance the charge transfer capac-
ity. Experimental findings showed that in comparison to 
single metal functionalization (Co/BC, Fe/BC), function-
alization with Co-Fe/BC enhances the porosity and SSA, 
which provides more active sites and surface defects such 
as OVs for enhanced charge transfer. Optical and electro-
chemical characteristics suggested that due to the pres-
ence of redox-active groups, Co-Fe/BC possesses a lower 
interfacial charge transfer resistance leading to higher 
redox current compared with PBC, Co/BC, and Fe/BC, 
thus increasing the EET. Due to enhanced charge transfer 
capacity, Co-Fe/BC increased biohydrogen production 
by 103.1%, 64.59%, 44.88%, and 23.34% compared to the 
CG, PBC, Co/BC, and Fe/BC, respectively. The remark-
able increase in biohydrogen production is related to 
the regulation of metabolism during the fermentation 
process, as Co-Fe/BC alters the metabolic pathway from 
butyric acid to acetic acid. Moreover, large SSA and sur-
face functionalization with Co and Fe provide a growth 
medium for the bacterial community, as the microbial 
community analysis demonstrated that Clostridium was 
the most abundant genus at  86.72%. Co-Fe/BC makes 
microbes attach to it firmly and promotes cell growth 
faster, whereas Fe3+ facilitates hydrogenase activity, and 
Co2+ is capable of electron transfer and  rearrangement. 
Thus, altering the interface between microbes and bio-
char can be an effective pathway to enhance the charge 
transfer within the fermentative medium, which even-
tually boosts the electron transfer rate responsible for 
increasing metabolic rate and biohydrogen production.
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