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Abstract
Accelerants can enhance methane production in biomass energy systems. Single-component accelerants cannot 
satisfy the demands of anaerobic co-digestion (AcoD) to maximize overall performance. In this work, nitrogen-
doped bio-based carbon derived from coconut shells, containing bimetallic Ni/Fe nanoparticles, FeNi3 alloys, and 
compounds (Fe2O3, FeN, and Fe3O4), was constructed as hybrid accelerants (Ni-N-C, Fe-N-C, and Fe/Ni-N-C) to 
boost CH4 production and CO2 reduction. The cumulative biogas yield (553.65, 509.65, and 587.76 mL/g volatile 
solids), methane content (63.58%, 57.90%, and 67.39%), and total chemical oxygen demand degradation rate 
(60.15%, 54.92%, and 65.38%) of AcoD with Ni-N-C (2.625 g/L), Fe-N-C (3.500 g/L), and Fe/Ni-N-C 
(2.625 g/L) were higher than control (346.32 mL/g volatile solids, 40.13%, and 32.03%), respectively. These 
digestates with Ni-N-C, Fe-N-C, and Fe/Ni-N-C showed excellent stability (mass loss: 22.97%-32.75%) and total 
nutrient content (4.43%-4.61%). Based on the synergistic effects of the different components of the hybrid 
accelerant, an understanding of the enhanced methanogenesis of AcoD was illustrated.

Keywords: Bio-based carbon, metal-N-C, hybrid accelerant, electron exchange capacity, direct interspecies 
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INTRODUCTION
With the rapid growth of cattle farming, cow dung (CD) pollution has become a significant problem. 
Accumulation of CD leads to the proliferation of a variety of bacteria and pathogens that can seriously affect 
animal husbandry and human health[1,2]. Therefore, the development of a safe and pollution-free method for 
handling CD is crucial for environmental protection. Anaerobic digestion (AD) technology is the process of 
forming combustible mixed biogas and digestate from diverse organic wastes under anaerobic conditions 
through the decomposition of various microorganisms. However, CD is not suitable as a digestive substrate 
alone because of its high nitrogen content[3], and the co-digestion of different natural plant wastes and cattle 
manure has been explored. Aloe is rich in carbon and, as a substrate, can balance C/N of the digestion 
system[2,4,5]. However, anaerobic co-digestion (AcoD) has drawbacks, including low biogas yield, poor 
stability, weak growth ability of microorganisms, difficult degradation of stubborn organic matter, and long 
process cycles[1,6,7]. These problems can be alleviated by applying magnetic fields[3,6], electric fields[8,9], and 
accelerants[10,11]. Among these methods, adding exogenous accelerants is a practical way to enhance AD 
performance.

The introduction of metals in AD facilitated the growth of methane-producing bacteria, enhanced 
degradation of stubborn substrates, and increased biogas yield and yield potential. Córdova-Lizama et al. 
found that Co nanoparticles and zero-valent iron stimulated enzyme activity, promoted the degradation of 
stubborn substrates, and maintained sufficient stability[12]. Abdelsalam et al. reported that zero-valent iron 
increased biogas and methane production, shortened the lag stage, and stimulated microbial growth[13]. 
Ke et al. reported that Ti spheres promoted the direct interspecies electron transfer (DIET) by accelerating 
electron transfer between acetogens and methanogens[3]. Zhang et al. indicated metals (Fe, Co, Mo, and Ni) 
improved bioavailability and enhanced stimulative effects of metals on AD[14]. However, excessive addition 
of Fe and Ni significantly increases virulence to methanogens and decreases their reactivity[15,16]. Therefore, 
an appropriate amount of metal optimally improves the performance of AcoD.

The biochar has been widely applied in AD owing to its simple processing, low cost, and excellent physical 
and chemical properties[4,9,17]. Chen et al. found that biochar could boost the conversion of ethanol to 
methane, possibly due to the stimulation of DIET in co-cultures of Geobacter metallireducens with 
Geobacter sulfurreducens or Methanosarcina barkeri[18]. Wang et al. indicated biochar extracted from 
sawdust can promote methane production and volatile fatty acid (VFA) degradation, confirming that 
biochar can assist the DIET process[19]. They explored that the biochar prepared from corn straw enhanced 
the AD performance of kitchen waste, which contributed to enhanced DIET using biochar as an electronic 
mediator or shuttle[20]. These works proved that biochar can stimulate DIET and promote digestion 
performance. However, the pristine biochar had a limited effect on CH4 production and CO2 reduction.

Because the size of the N atom is equivalent to that of the C atom, N is typically introduced into the carbon 
matrix to alter its electron distribution[21-26]. Among them, the source of bio-based carbon or biomass-
derived carbon included coconut shells, aloe peel, acorn shell, corn cob, sawdust, and walnut shell, and 
these biomass-derived carbon promoted AD performance[2-6,8,27-30]. Coconut shells, as a widely distributed 
biomass waste with high carbon content and low ash content, contain high lignin content (30-49 wt.%) and 
carbon content (53-64 wt.%) and low H/C ratio and O/C ratio, which is very suitable as a carbon source to 
synthesize the biomass-derived carbon. However, the low stability of N-doped biochar hinders its practical 
application in real life. Coupling N-doped biochar with metals possesses the potential to enhance its 
performance. Therefore, many researchers have prepared metal- and N-co-doped biochar; however, most 
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studies have applied these materials in the field of batteries. Little research has been conducted on 
degradation of organic contaminants. Xu et al. produced Fe/N co-doped biochar extracted from sawdust, 
which showed excellent oxidative reducibility and high stability owing to its high specific surface area and 
abundant defects and the synergistic effect between Fe and N doping while achieving efficient degradation 
of organic pollutants[31]. Li et al. studied high stability, reusability, and adaptability of Fe/N co-doped 
biochar for degradation of various pollutants, thereby increasing its potential for practical applications[32]. 
Owing to their excellent oxidative reducibility, stability, and degradation properties, metal- and N-co-doped 
biochar is expected to be used as accelerants in AcoD systems.

Aside from metals and biochar, transition metal compounds promote microbial growth and accelerate 
electron transfer[33-36]. Li et al. found that transition metal carbides increased biogas yield, total chemical 
oxygen demand (TCOD) degradation rate, and total Kjeldahl nitrogen (TKN) concentration[10]. Jia et al. 
reported that titanium nitride and titanium oxide as electron carriers accelerated electron transfer[6]. Li et al. 
investigated that zero-valent iron nanoparticles stimulated the secretion of proteins and humus in 
extracellular polymers and promoted the DIET process in AD systems[34]. Wang et al. researched W2N and 
W18O49 as mediators of electron transfer and established an efficient interspecific electrical connection, thus 
alleviating acidification and enhancing the fermentation performance[37]. However, the reaction conditions 
of transition-metal compounds are difficult to control, and the reaction sites are limited; the product 
structure is complex, and the compounds easily aggregate[38]. This suggests that transition metal compounds 
play a crucial role in promoting digestion performance.

In summary, metal particles, N-doped biochar, and transition metal compounds can boost AD performance 
by facilitating electron transfer and microbial metabolism in the AD process, whereas an individual 
accelerant cannot maximize its potential to improve AD performance owing to intrinsic physicochemical 
shortcomings, including the biotoxicity of excess metal particles and the ready agglomeration of transition 
metal compounds. Therefore, the objective of this work was to exploit a hybrid accelerant containing 
metals, carbon, and compounds to explore its synergistic effect on AcoD performance. The effects of the 
hybrid accelerant on the AcoD were evaluated from biogas production, CH4 yield, CO2 reduction, TCOD 
degradation rate, total solids (TS), volatile solids (VS), thermal stability, and the fertility of the digestate. In 
addition, mediated electrochemistry was employed to analyze the reduction and oxidation capacity of 
accelerants. Based on synergistic effects of different components of hybrid accelerants, an understanding of 
boosted methanogenesis for AcoD systems is illustrated.

EXPERIMENTAL SECTION
Substrate and inoculum
Anaerobic sludge from a wastewater treatment plant in Xi’an was used as the inoculum. The CD was 
gathered from a breeding farm in Lantian, China, and aloe peel waste was from a beverage processing plant 
in Yangling, China. The wet weight ratio of 1:3 is based on fresh CD and aloe peel waste as a substrate[2]. 
Before digestion, fresh CD was domesticated for a week at room temperature. Aloe peel waste was disposed 
of in water to remove surface dirt, sliced into 1 cm × 1 cm pieces, soaked in 2 M NaOH solution to degrade 
lignocellulose[4], and then rinsed with water until pH = 7. The detailed characteristics of CD, aloe peel waste, 
and anaerobic sludge are listed in Table 1.

Preparation of the hybrid accelerant
A N-doped biomass-derived carbon hybrid accelerant was prepared by a simple pyrolysis process, as shown 
in Figure 1. First, the coconut shell is crushed into a powder of nearly 2 mm in an electric mixer. Then, in a 
Fe/Ni-N-C synthesis process (red line), 11.16 g Fe(NO3)3·9H2O (2.0 mmol, Aladdin, 99.99%), 11.74 g 
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Table 1. Characteristics of cow dung, aloe peel waste, and anaerobic sludge

Parameters Cow dung Aloe peel waste Anaerobic sludge

Total solids (TS, % Fresh matter) 15.74 ± 0.62 12.23 ± 0.64 4.37 ± 0.10

Volatile solids (VS, % Fresh matter) 12.65 ± 0.42 8.01 ± 0.14 3.70 ± 0.12

VS/TS (%) 80.30 ± 0.49 65.49 ± 0.46 84.67 ± 1.21

Total chemical oxygen demand (TCOD, mg/g Fresh matter) 91.17 ± 0.06 38.20 ± 0.24 43.00 ± 0.62

pH 7.17 ± 0.03 5.79 ± 0.33 7.34 ± 0.41

C (% TS) 52.74 ± 0.39 60.21 ± 0.11 17.43 ± 0.16

H (% TS) 5.46 ± 0.09 11.05 ± 0.36 3.44 ± 0.47

N (% TS) 4.64 ± 0.04 1.77 ± 0.45 2.03 ± 0.07

C/N 11.36 ± 0.37 34.02 ± 0.94 8.59 ± 0.20

Figure 1. Illustration for the preparation process of Ni-N-C, Fe-N-C, and Fe/Ni-N-C (Blue line: synthesis path of Ni-N-C; Green line: 
synthesis path of Fe-N-C; Red line: synthesis path of Fe/Ni-N-C).

Ni(NO3)2·6H2O (2.0 mmol, Aladdin, 98%), urea (6 g, 16 mmol, Aladdin, 99%), and coconut shell powder 
(CSP, 6 g) were weighed and completely dispersed in deionized water (50 mL). The solution was stirred in 
continuous motion for 4 h to mix well. The dried sample at 80 °C was placed at 800 °C for 2 h. Finally, black 
powder was obtained and named Fe/Ni-N-C. Following the established process, 11.74 g Ni(NO3)2·6H2O and 
11.16 g Fe(NO3)3·9H2O as metal precursors were added in the synthesis process of Ni-N-C (blue line) and 
Fe-N-C (green line), respectively, and kept other steps and processes same. Detailed sample characterization 
means can be found in the Supplementary Material.

Experimental set-up
Batch experiments were tested in glass bottles with an effective volume of 400 mL in a constant temperature 
water bath at 37 °C for 35 days. Previous work has reported an optimal substrate-to-inoculum ratio of 
3:7[2,39]. Ni-N-C, Fe-N-C, and Fe/Ni-N-C as accelerants were added in digesters, where the dosage of each 
accelerant in the reactors was 0.875, 1.750, 2.625, and 3.500 g/L, respectively. No accelerants were added to 
the control group. To ensure the veracity of the experiment, all batches were repeated twice. Kinetic analysis 
of biogas production can be found in the Supplementary Material.

em4062-SupplementaryMaterials.pdf
em4062-SupplementaryMaterials.pdf
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Statistical analysis
SPSS software was used to perform statistical analysis. The differences in experimental data are evaluated by 
using one-way analysis of variance (ANOVA), and a P value lower than 0.05 (P < 0.05) was considered as a 
significant difference.

RESULTS AND DISCUSSION
Characteristics of materials
The X-ray powder diffractometer (XRD) results are shown in Figure 2A-C. Ni-N-C, Fe-N-C, and Fe/Ni-N-
C exhibit a peak at 26°, representing the (002) plane of graphitic carbon. The diffraction of carbon support 
in the accelerant does not show clearly in the XRD data, which may be due to the strong peaks of Ni, Fe, 
FeNi3, and other metal compounds covering the diffraction of carbon. Similar situations have been reported 
in the previous literature[25,31]. Ni-N-C has three peaks (JCPDS: 70-1849) at 45°, 52°, and 76°, responding to 
the (111), (200) and (220) lattice planes of Ni, respectively. The two distinct characteristic peaks occurring at 
45° and 65° of Fe-N-C are attributed to (110) and (200) lattice planes of Fe (JCPDS: 87-0722), respectively. 
The characteristic peaks appear at 44°, 51° and 76° in Fe/Ni-N-C, matching with the (111), (200), and (220) 
lattice surfaces of the FeNi3 alloy (JCPDS: 88-1715), respectively. Due to the different diameters of Fe and Ni 
atoms, the strain in the crystal lattice increased the surface energy and, thus, enhanced redox properties and 
electron mobility of the FeNi3 alloy[25,40]. The remaining impurity characteristic peaks pattern of Fe-N-C 
originate from Fe2O3 (JCPDS: 73-0603) and FeN (JCPDS: 75-2127). In addition, Fe3O4 (JCPDS: 75-1609) of 
Fe/Ni-N-C accelerants may be due to the redox reaction between the pyrolysis and biological carbon[31,41,42]. 
As expected, bimetal, alloy, and compound-modified nitrogen-doped biomass-derived carbon was 
successfully constructed.

The Raman spectra of three accelerants exhibit the D-band at 1,340-1,360 cm-1 and the G-band at 
1,580-1,610 cm-1, respectively, as shown in Figure 2D. The D band is for defective sites or disordered sp3 
hybridized carbon, and the G band is for ideal sp2 hybridization of C-C bonds in the graphite phase[43-45]. In 
order to clearly understand the property of the as-prepared bio-carbon, the curve fitting method of Gauss-
Lorentz numerical simulation was used to deconvolve[46,47]. The ID1/IG ratio of Ni-N-C, Fe-N-C, and 
Fe/Ni-N-C decreased from 1.54 to 1.17 to 0.95 [Figure 2E-G], indicating that Fe/Ni-N-C has a high degree 
of the graphitization [Figure 2H], which can lead to fast electron transfer between microorganisms[48-50].

The microstructure of hybrid accelerants was determined by field emission scanning electron microscope 
(FESEM), which has an obvious stacking layer and wrinkle morphology, as depicted in Figure 3A-C. The 
transmission electron microscope (TEM) and high resolution TEM (HRTEM) of Ni-N-C, Fe-N-C, and 
Fe/Ni-N-C are displayed in Figure 3D and E, Figure 3F and G, and Figure 3H and I, respectively. The 
inverse Fast Fourier Transform (IFFT) image of the (111) facet of Ni of Ni-N-C is given in 
Supplementary Figure 1A, where the lattice distance of 0.2050 nm relates to the (111) face of Ni [Figure 3J]. 
The Fast Fourier Transform (FFT) and IFFT images with corresponding red boxes in Figure 3F and G are 
indicated in Supplementary Figure 1B-D, respectively. The lattice spacing is 0.2466, 0.2019, and 0.2047 nm 
on the (110), (111), and (110) faces of Fe, FeN, and Fe2O3 [Figure 3J], respectively. The lattice distances of 
0.2486 and 0.2089 nm coincide with (111) and (103) planes of FeNi3 and Fe3O4 of Fe/Ni-N-C [Figure 3J], 
respectively, as depicted in the IFFT images in Supplementary Figure 1E and F. Figure 3K shows the 
attached energy dispersion spectrometer (EDS) mapping images of Fe/Ni-N-C. The elements C, N, O, Fe, 
and Ni are evenly spaced in Fe/Ni-N-C.

Furthermore, the relevant components of hybrid accelerants are further verified through X-ray 
photoelectron spectroscope (XPS) measurement. Ni, Fe, C, N, and O can be identified from the full 

em4062-SupplementaryMaterials.pdf
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Figure 2. (A-C) XRD patterns of Ni-N-C, Fe-N-C, and Fe/Ni-N-C, (D) Raman spectra, (E-G) fitted curves of Raman spectra, and (H) the 
ratio of ID/IG of Ni-N-C, Fe-N-C, and Fe/Ni-N-C.

spectrum of XPS [Figure 4A]. The Fe 2p spectrum of Fe-N-C and Fe/Ni-N-C shows two obvious 
asymmetric bands, namely the low energy (Fe 2p1/2) band and high energy (Fe 2p3/2) band in 
Figure 4B and C. Fe 2p is classified as metallic iron (Fe0, 708.9 and 709.4 eV), Fe2+ 2p3/2 (710.4 and 711.2 eV), 
Fe3+ 2p3/2 (712.4 and 714.7 eV), metallic iron (Fe0, 718.0 and 719.0 eV), Fe2+ 2p1/2 (723.8 and 723.7 eV), and 
Fe3+ 2p1/2 (726.2 and 726.2 eV). The XPS spectrum of Ni-N-C and Fe/Ni-N-C Ni 2p [Figure 4D and E] has 
six forms of Ni: Ni0 2p3/2 (852.6 and 852.4 eV), Ni0 2p1/2 (869.2 and 869.5 eV), Ni2+ 2p3/2 (855.4 and 855.6 eV), 
Ni2+ 2p1/2 (872.9 and 873.3 eV), and two satellite peaks (861.0 and 861.2 eV, 879.4 and 879.2 eV). This proved 
that the accelerants consist of a carbon skeleton anchored by Ni-NX or Fe-NX groups with Ni or Fe 
embedded in them. Results are familiar to the previous work[25,51].
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Figure 3. (A-C) SEM images. (D and E) TEM and HRTEM images of Ni-N-C. (F and G) TEM and HRTEM images of Fe-N-C. (H and I) 
TEM and HRTEM images of Fe/Ni-N-C. (J) HRTEM images for the (111) planes of Ni of Ni-N-C, HRTEM images for (110), (111), and 
(110) planes of Fe, FeN, and Fe2O3 of Fe-N-C, HRTEM images for (111) and (103) planes of FeNi3 and Fe3O4 of Fe/Ni-N-C. (K) EDS 
mapping images of Fe/Ni-N-C.

The N 1s spectrum of Ni-N-C, Fe-N-C, and Fe/Ni-N-C in Figure 4F-H was fitted to five sub-peaks, namely 
pyridinic-N (~398.5 eV), pyrrolic-N (~400.9 eV), graphitic-N (~401.8 eV), oxidized-N (~403.2 eV), and 
Ni/Fe-N (~399.2 eV)[24,52]. The presence form and atomic percentage of N are shown and listed in Figure 4I 
and Supplementary Table 1 to reveal the differences of N types. The increase in pyridinic-N and pyrrolic-N 
could improve Fe/Ni-N-C accelerants activity[43,44,53-56]. The findings can be confirmed in the electron 
exchange capacity (EEC). C 1s spectra [Supplementary Figure 2] were fitted as C=O (~288.8 eV), C-N 
(~285.5 eV), and C-C (~284.8 eV)[41,57]. The presence of C-N reveals successful N doping. C=O will 
accelerate the electron transfer rate and promote direct interspecific electron transfer[58,59].

AcoD performance
Biogas production, CH4 and CO2 content
The daily biogas yield obtained by adding different concentrations of accelerants in AcoD systems is shown 
in Figure 5A-C. Throughout the digestion process, there are two representative peaks; the first peak 
represents the decomposition of hydrocarbons, and the second peak represents the consuming 
decomposition of complex crude proteins, as proved in the previous works[5,29,37]. The first peak occurred on 

em4062-SupplementaryMaterials.pdf
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Figure 4. (A) XPS measurement spectra, (B and C) Fe 2p XPS spectra of Fe-N-C and Fe/Ni-N-C, (D and E) Ni 2p XPS spectra of Ni-N-C 
and Fe/Ni-N-C, (F-H) N 1s XPS spectra of Ni-N-C, Fe-N-C, and Fe/Ni-N-C, and (I) schematic diagram of different N types.

days 9-12, days 7-12, and days 10-14, and the second peak occurred on days 21-22, days 14-19, and days 
17-25 with the different concentrations of Ni-N-C, Fe-N-C, and Fe/Ni-N-C, respectively. The first and 
second daily biogas production peaks [Figure 5A-C] of Ni-N-C (28.76-36.73 and 27.43-28.98 mL/g VS), Fe-
N-C (28.76-32.82 and 25.19-33.00 mL/g VS), and Fe/Ni-N-C (31.34-39.09 and 28.24-34.29 mL/g VS) were 
clearly higher than control (22.95 and 19.43 mL/g VS). These results suggested hybrid accelerants may 
facilitate degradation of stubborn matter, accelerate the co-digestion process, and increase biogas 
production.

The results of the cumulative biogas yield experiments were fitted using modified Gompertz models 
[Figure 5D-F], with kinetic parameters shown in Supplementary Table 2. The predicted biogas yield values 
(415.11-522.19 mL/g VS with Ni-N-C, 427.54-545.58 mL/g VS with Fe-N-C, and 520.70-612.34 with Fe/Ni-
N-C) closely approached the measured cumulative biogas yield (402.95-509.92 mL/g VS with Ni-N-C, 
409.22-553.65 mL/g VS with Fe-N-C, and 494.69-587.76 mL/g VS with Fe/Ni-N-C, in Figure 5G). R2 ranged 
from 0.9983-0.9999, indicating that the experimental data are within a reasonable range. Obviously, all the 
groups of Ni-N-C, Fe-N-C, and Fe/Ni-N-C can improve biogas production as compared to the control.

em4062-SupplementaryMaterials.pdf
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Figure 5. (A-C) Daily biogas yield, (D-F) measured and fitted cumulative biogas production, and (G) cumulative biogas yield of AcoD 
systems with Ni-N-C, Fe-N-C, and Fe/Ni-N-C.

Furthermore, CH4 and CO2 contents were measured for the experimental group supplemented with 
2.625 g/L Ni-N-C (57.90% and 27.85%), 3.500 g/L Fe-N-C (63.58% and 25.62%), 2.625 g/L Fe/Ni-N-C 
(67.39% and 16.97%), and the control (40.13% and 34.96%), as shown in Figure 6. The contents of CH4 and 
CO2 measured were within the normal range of 35%-70% and 15%-50%, respectively, as recorded in the 
previous reports[60], which implies that introducing hybrid accelerants in the AcoD systems promotes 
conversion of CO2 to CH4. These results indicated that hybrid accelerants can indeed improve AcoD 
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Figure 6. Average CH4 and CO2 contents of the AcoD systems with Ni-N-C, Fe-N-C, and Fe/Ni-N-C accelerants.

performance. The boosted methanogenesis of hybrid accelerants in AcoD is discussed in Section 
“Understanding of enhanced methanogenesis pathway in AcoD systems”.

pH values, TCOD degradation rate, TS, and VS reduction
The change in pH value is presented in Figure 7A-C. All digestion systems showed similar trends. The 
initial pH values of different experimental groups varied between 7.12 and 7.34. In the first five days of 
digestion, pH is reduced, which may be caused by the decomposition and acidification of readily degradable 
organic matter[10,11,61]. Subsequently, pH began to rise in all the digesters. During the whole co-digestion 
process, all pH values varied between 6.27-7.59, which was within the appropriate range of 5.5-8.2 for the 
acetogenesis and methanogenesis[39,62,63]. However, the pH of digesters with accelerants was higher than the 
control on days 5-10, possibly because the buffer capacity of the non-accelerant system is weak. TCOD 
degradation rates (41.19%-54.92% for Ni-N-C, 36.39%-60.15% for Fe-N-C, and 49.69%-65.38% for 
Fe/Ni-N-C) of the accelerant-added digesters were higher than that of the control (32.03%), as presented in 
Figure 7D-F and Supplementary Table 3. In addition, 2.625 g/L Fe/Ni-N-C obtained the highest TCOD 
degradation rate (65.38%). In this work, the initial chemical oxygen demand (COD) was 59,740.86 mg/L, 
and the final COD ranged from 20,683.86 to 40,602.93 mg/L, which resulted in the COD reduction of 
19,137.93-39,057.00 mg/L. According to the theoretical methane yield (0.35 L/g COD) in the previous 
literature[1,9], the required COD corresponding to cumulative biogas yields ranged from 13,417.43 to 
22,771.50 mg/L [Supplementary Table 4]. The loss of TCOD in each reactor can be attributed to the 
production of carbon dioxide and other organic matter[64]. This result was consistent with that of biogas 
production and methane content, demonstrating that adding hybrid accelerants can facilitate the 
degradation of organic compounds. The biogas yield and TCOD degradation rate with Ni-N-C, Fe-N-C, 
and Fe/Ni-N-C are also comparable to those reported in the previously published work 
[Supplementary Table 5].

As shown in Figure 8, the initial TS and VS of digestate before digestion were 73.60 and 39.01 g/kg, 
respectively. TS and VS contents decreased as organic matter began to degrade. At the end of digestion, TS 
and VS contents remained stable. Then, TS and VS contents were monitored to calculate their reduction. TS 

em4062-SupplementaryMaterials.pdf
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Figure 7. (A-C) pH values variation and (D-F) TCOD degradation rate of AcoD systems after adding Ni-N-C, Fe-N-C, and Fe/Ni-N-C.

and VS reductions were 34.64%-38.48% and 42.51%-51.59% for Ni-N-C, 38.06%-45.60% and 49.19%-55.39% 
for Fe-N-C, and 42.59%-62.92% and 51.78%-64.47% for Fe/Ni-N-C, 29.64 and 44.85% for the control group 
in AcoD systems, respectively, as shown in Supplementary Table 3. These results indicated that hybrid 
accelerants can promote the organic matter degradation of co-substrate, and the bimetallic accelerant 
showed a better promotion effect on substrate degradation (P < 0.01, in Supplementary Table 6).

According to the economic analysis in the previous literature[1,64], by comparing the cost of these accelerants 
to the income generated from the increased biogas production, these accelerants are not cost-effective. 
However, this analysis did not take into account the overall benefits as a whole system. For example, these 
accelerants can reduce COD and solids content, resulting in lower costs for storage and transport of 
digestate in the industrial-scale biogas plant. The digestate can act as one component of a compound 
fertilizer, offering an option to reduce the cost of accelerants. In large-scale biogas plants, utilizing the 
biogas generated for cogeneration can result in additional economic and environmental benefits. 
Furthermore, to develop renewable energy and combat environmental pollution, the government is 
introducing policies to reduce the cost and tax burden of large biogas plants.

Digestate performance
Digestate stability
After the digestion, based on excellent biogas production and co-substrate degradation, the digestates with 

em4062-SupplementaryMaterials.pdf
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Figure 8. (A-C) TS reduction and (D-F) VS reduction of AcoD systems after adding Ni-N-C, Fe-N-C, and Fe/Ni-N-C.

hybrid accelerants of the optimal concentration (2.625 g/L Ni-N-C, 3.500 g/L Fe-N-C, and 2.625 g/L 
Fe/Ni-N-C) were tested for thermogravimetric analyses. Figure 9A-C shows thermogravimetry (TG), mass 
loss, and differential thermogravimetry (DTG) for hybrid accelerants and the control group. The TG curve 
is split into three stages according to the DTG curve and increases gradually with temperature. The first 
stage (below 100 °C) of mass loss corresponded to the first peak of the DTG curve and was mainly due to 
the release of water[61,63]. The most important stage of the TG curve is the second stage (200-400 °C), 
corresponding to the second peak (about 270 °C), which is correlated with the degradation of 
carbohydrates, hemicellulose, and aliphatic groups[28,37]. The digestate of 2.625 g/L Ni-N-C (18.62%), 
3.500 g/L Fe-N-C (15.25%), and 2.625 g/L Fe/Ni-N-C (11.53%) showed a lower mass loss in the second stage 
than the control group (28.54%). The third stage corresponds to the third (about 450 °C) and fourth peaks 
(about 630 °C), occurring across the range 400-700 °C, which is relevant to the decomposition of 
lignocellulose[1,61]. The total mass loss was 32.75% for Ni-N-C, 29.36% for Fe-N-C, 22.97% for Fe/Ni-N-C, 
and 46.74% for the control. Mass loss of the hybrid accelerants was lower than that of the control, which 
states that the organic matter in digestate added with accelerants degraded more completely. Two obvious 
exothermic peaks were observed in the differential scanning calorimetry (DSC) curve [Figure 9D]. The first 
exothermic peak (300-350 °C) was due to decay of simple organic matter, and the second exothermic peak 
(450-500 °C) was owing to degradation of complex organic matter[10]. According to thermogravimetric 
analyses, the addition of hybrid accelerants to AcoD systems improved catabolism of recalcitrant matter.
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Figure 9. (A) TG, (B) Mass loss, (C) DTG, and (D) DSC profiles for the digestate in AcoD systems with accelerants of Ni-N-C, Fe-N-C, 
and Fe/Ni-N-C.

Nutrient content of the digestate
Fertility was evaluated by measuring TK, TP, and TN contents in 2.625 g/L Ni-N-C, 3.500 g/L Fe- N-C, and 
2.625 g/L Fe/Ni-N-C digestate [Table 2]. The total nutrient contents of Ni-N-C, Fe-N-C, and Fe/Ni-N-C 
digestate were 4.46%, 4.61%, and 4.43%, respectively, which were higher than that of soil. In addition, 
according to the NY525-2021 standard of the Ministry of Agriculture of the People’s Republic of China, the 
total nutrient mass fraction (on a dry basis) of organic compound fertilizers must be 4% and above[65,66], 
which makes the addition of hybridization enhancers as digestate for organic fertilizers promising. In 
addition, as summarized in Table 2, the total nutrient contents of Ni-N-C, Fe-N-C, and Fe/Ni-N-C 
digestate were also higher than those (3.54%-3.64%) of the digestate without accelerants[8,9]. The effect of 
bimetallic accelerants and monometallic accelerants makes no big difference, which may be due to the fact 
that the substrate in AD systems is the same, and the NPK content in the bimetallic accelerant and 
monometallic accelerant is not significantly different. In general, digestate can be used as a compound 
fertilizer to improve soil fertility, improve crop quality, and maintain soil fertility. According to the Chinese 
risk control standard for soil contamination of agriculture land (GB15618-2018) and the organic fertilizer 
standard (NY525-2021, China), heavy metal pollutants mainly include Hg, Cr, Pb, Cu, As, and Cd, and 
most listed heavy metals have the upper limit of higher than 15 mg/kg in soil except for Cd and Hg. Fe and 
Ni elements are not listed in the risk control standard, and their concentration would also not exceed the 
risk control standard. Therefore, the digestates with residual nitrogen-doped biomass-derived carbon would 
not cause environmental risks[3]. Actually, addition of carbon-based byproducts in soil is gaining popularity 
as a plant growth stimulator, soil quality enhancer, and fostering green land vegetation[67,68]. Therefore, the 
utilization of digestate as a carbon-based fertilizer can further enhance its added value.
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Table 2. The effect of Ni-N-C, Fe-N-C, and Fe/Ni-N-C accelerants on fertility of digestate

Experiments TN (g/kg) TK (g/kg) TP (g/kg) Total nutrient content (%) Ref.

Soil 0.15-0.20 0.06-0.10 0.10-0.15 0.31-0.45 [10]

Bioorganic fertilizer 17.10 25.40 18.00 6.05 [39]

NY525-2021 - - - 4.00 Chinese agricultural standard

Digestate (CK) - - - 3.64 [8]

Digestate (CK) 17.07 ± 0.12 6.48 ± 0.36 11.80 ± 0.08 3.54 ± 0.21 [9]

Digestate (BC) 15.60 ± 0.15 11.62 ± 0.21 6.45 ± 0.22 3.37 ± 0.58 [4]

Digestate (TiMF) 20.80 ± 0.22 6.51 ± 0.04 14.86 ± 0.21 4.21 ± 0.40 [3]

Digestate (Ni-N-C) 21.31 ± 0.11 13.06 ± 0.18 10.23 ± 0.21 4.46 ± 0.50 This work

Digestate (Fe-N-C) 21.66 ± 1.67 11.57 ± 0.06 12.86 ± 0.21 4.61 ± 0.18 This work

Digestate (Fe/Ni-N-C) 21.22 ± 0.13 12.41 ± 0.19 10.74 ± 0.21 4.43 ± 0.53 This work

Mediated electrochemical analysis
Figure 10A-C showed the reduction and oxidation current peaks of Ni-N-C, Fe-N-C, and Fe/Ni-N-C in 
mediated electrochemical reduction (MER) and oxidation (MEO), respectively. The number of transferred 
electrons (Q) and the mass of the accelerants are highly correlated (R2 > 0.95) [Figure 10D-F]. Fe/Ni-N-C 
exhibited the highest electronic exchange capacity (EEC = electron accepting capacity (EAC) + electron 
donating capacity (EDC), 1.09 μmol e-/g), followed by Ni-N-C (1.07 μmol e-/g) and Fe-N-C (1.05 μmol e-/g). 
The EEC of Ni-N-C (1.07 μmole-/g), Fe-N-C (1.05 μmol e-/g), and Fe/Ni-N-C (1.09 μmole-/g) accelerants 
surpassed that of previously reported biomass-derived carbon accelerants without metal sites[4,9], especially, 
0.62 μmol e-/g for coconut-shell-derived carbon, 0.31 μmol e-/g for aloe peel-derived carbon, 0.66 μmol e-/g 
for N, S co-doped aloe peel-derived carbon, and 0.65 μmol e-/g for N, P co-doped aloe peel-derived carbon, 
which could confirm the significant promotion effect of the monometallic and bimetallic accelerant on the 
electron transport of AD systems with accelerants.

Understanding of enhanced methanogenesis pathway in AcoD systems
This work herein briefly introduced the AcoD process. AcoD is involved in the nutrient metabolism in 
various bacteria[69]. In the hydrolysis stage, recalcitrant substances are broken down into soluble monomers; 
in the acidification stage, acetogens metabolize hydrolytic products to acetic acid, hydrogen, and 
carbohydrates; in the methanogenesis stage, acidification products are converted to CH4 by methanogens. 
To understand the role of the hybrid accelerant in AcoD systems, a possible strategy was proposed 
[Figure 11]. Depending on the metabolism of methanogens, methanogenesis can be divided into acetate-
dependent CH4 production (Route I: CH3COO- + H+ → CH4 + CO2), H2-dependent CH4 production 
(Route II: 4 H2 + CO2 → CH4 + 2 H2O), and electron-dependent CH4 production (Route III: 8 H+ + 8 e- + 
CO2 → CH4 + 2 H2O)[37,70]. The relatively slow nutrient metabolism of soluble monomers in Route I limited 
the digestion efficiency of AcoD systems[71]. Route II uses H2 as an electron carrier between hydrogen-
producing to transfer electrons, known as interspecies hydrogen transfer (IHT). The diffusion of H2 is slow, 
and the slight interruption of H2 disrupts the nutritional metabolic balance, leading to the accumulation of 
organic acids and inhibiting the formation of CH4. Route III, also known as DIET, is a process in which 
digestion bacteria directly transfer electrons to methanogens.

As shown in Figure 11, CH4 production depends on Route I and Route II in the AD system without 
accelerants. After adding accelerants, in addition to enhancing Route I and Route II, Route III is proposed. 
The enhanced methanogenesis was attributed to the enhanced DIET process. Conductive materials can 
create a bioelectric link between acetogens and methanogens. On the one hand, electron carriers facilitate e- 
transfer between acetogen and methanogens (Route II); on the other hand, conductive materials enhance 
the transfer of H+ and e- (Route III), as has been demonstrated previously[3,6,7,72,73].
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Figure 10. (A-C) Electron exchange capacity and (D-F) transferred electron number of Ni-N-C, Fe-N-C, and Fe/Ni-N-C accelerants.

Figure 11. Schematic for understanding enhanced CH4 production and CO2 reduction in AcoD systems without and with accelerants.
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In this work, N-doped biomass-derived carbon, bimetallic Ni/Fe nanoparticles, and FeNi3 alloys are 
conductive materials. N-doped biomass-derived carbon containing bimetallic Ni/Fe nanoparticles and 
FeNi3 alloys as accelerants enhanced methanogenesis. On the other hand, the hybrid accelerant has a high 
degree of graphitization [Figure 2] and forms many Fe-Nx and Ni-Nx active sites on the surface [Figure 4], 
which may promote electron transfer between microorganisms. On the other hand, pyridinic-N and 
pyrrolic-N can promote EDC, and C=O can promote charge transfer between microorganisms and matter 
in the substrate, enhancing EAC[4,53,56]. Therefore, hybrid accelerants have strong EEC (1.05-1.09 μmol e-/g), 
which can reduce CO2 to CH4, which is confirmed by CH4 content analysis (hybrid accelerants: 57%-68%, 
control: 40.13%). For the hybrid accelerants constructed, N species (pyridinic-N, pyrrolic-N, and 
graphitic-N) are the active sites for the adsorption and activation of CO2

[74]. In addition, dual-metal sites 
could promote CO2 adsorption[75]; metal species could maximize the use of atoms, and electron-enriched 
metal sites acted as highly active sites to activate CO2

[76]. Therefore, the synergistic effect of hybrid 
accelerants improves the adsorption and activation capacity of CO2. Bimetallic Ni/Fe nanoparticles and 
FeNi3 alloys of hybrid accelerants can stimulate the DIET process and promote CH4 production.

In addition, compounds (Fe2O3, FeN, and Fe3O4) in the hybrid accelerant can release Fe2+ and Fe3+ to break 
down the chemical bonds of recalcitrant organic matter into simpler organic molecules, providing more 
substrates for methanogens; simultaneously, the released metal ions promote metal enzymes activity, 
providing necessary nutrients for microorganisms to promote their growth and metabolism, further 
promoting methane production, which has been verified in previous studies[3,4].

Based on the above analysis, the improvement of AcoD performance by biomass-derived carbon hybrid 
accelerant is due to the synergistic effect of different components of bimetallic Ni/Fe nanoparticles, FeNi3 
alloys, and compounds (Fe2O3, FeN, and Fe3O4). In the future, more experiments will be carried out to study 
the synergistic effect of accelerants and microorganisms by using sludge + peel waste and also model 
chemicals such as CH3COOH, CH4, and CO2.

CONCLUSIONS
Nitrogen-doped biomass-derived carbon hybrid accelerants (Ni-N-C, Fe-N-C, and Fe/Ni-N-C) were 
prepared by simple pyrolysis. The accelerants contain bimetallic Ni/Fe nanoparticles, FeNi3 alloys, and 
compounds (Fe2O3, FeN, and Fe3O4). These components exhibit a high degree of graphitization, high 
pyridine-N and pyrrole-N contents, good stacking and wrinkled structures, and Ni-NX or Fe-NX active sites, 
resulting in enhanced electron transfer. The digesters with accelerants increased cumulative biogas 
production (402.95-587.76 mL/g VS) and TCOD degradation rates (36.39%-65.38%). The digestate of hybrid 
accelerants exhibited remarkable thermal stability (22.97%-32.75%) and fertility (4.43%-4.61%). The 
designed hybrid accelerants exhibited superior EEC (1.05-1.09 μmol e-/g). The enhanced methanogenesis in 
AcoD systems is attributable to the synergistic effects of different components (Fe and Ni metal 
nanoparticles, nitrides, oxides, and nitrogen-doped carbon) of hybrid accelerants.
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