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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• An independent BC foam supported 
bimetallic MOF polyhedron (Co/Ni- 
MOF@BC) was prepared, showing the 
advantage of enhancing the catalyst 
surface for plasma assisted DRM 
reaction.

• The co-coordination of Co and Ni ions in 
MOF polyhedrons enabled a structure 
uplift for the malleable BC nanofibers 
network with more abundant pores.

• A network structure with abundant 
pores is beneficial for enhancing fila-
mentous micro discharges and surface 
discharges, inducing stronger plasma 
catalytic interactions.

• The bimetallic Co/Ni-MOF@BC exhibi-
ted a substantially improved alkaline 
absorption ability, favoring the more 
kinetically constrained CO2 reduction.
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A B S T R A C T

Understanding of the structure and interfacial merits that reactive metal–organic frameworks (MOFs) undergo is 
critical for constructing efficient catalysts for non-thermal plasma-assisted conversion of greenhouse gases. 
Herein, we proposed a free-standing bimetallic (Co/Ni) MOFs supported on bacterial cellulose (BC) foams (Co/ 
Ni-MOF@BC) toward the coaxial dielectric barrier discharge (DBD) plasma-catalytic system, of which the Co/Ni 
ions coordination demonstrated an intriguing textual uplifting of the malleable BC nanofiber network with 
abundant pores up to micrometer-scale, which could impart a more intensive predominant filamentary micro-
discharge current to 180 mA with stronger plasma-catalytic interaction. Remarkably, compared to the mono-
metallic MOF@BC foams, this bimetallic Co/Ni-MOF@BC also delivered a substantially improved alkaline 
absorption ability as further confirmed by the CO2- temperature-programmed desorption (TPD) result. Benefiting 
from its 3D superiority and synergy of Co/Ni dual-regulation, the Co/Ni-MOF@BC, therefore, displayed the 
highest CO2 and CH4 conversion rates to 52.31 % and 71.50 %, which was above 1.5 and 1.3 times higher than 
those of monometallic counterparts and Co/Ni-MOF powder. Additionally, its robust cycling performance has 
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also been evidenced by the excellent long-time DRM performance, unchanged crystallinity, morphology, and 
surface chemical states. By taking both the catalyst existing form and interfacial optimization of MOFs into 
consideration for designing a unique DRM catalyst, we believed this free-standing 3D Co/Ni-MOF@BC foams 
could inspire more research outputs on the design of functional catalysts with abundant pores and alkaline 
absorption sites to accelerate the redox kinetics of CO2/CH4 conversion.

1. Introduction

Over centuries, rapid industrial advancement has led to an ever- 
increasing demand for fossil fuels, while the massive emissions of 
greenhouse gas, CO2 and CH4, have disrupted the natural carbon bal-
ance, exacerbating global warming and other severe environmental is-
sues [1–3]. Therefore, it has become imperative to develop new energy 
technologies for the utilization of greenhouse gases. Compared to the 
widely investigated greenhouse gas conversion techniques, including 
carbon capture and storage, electrochemical catalysis conversion, and 
microbial transformation, the reaction of dry reforming methane (DRM) 
that converts CO2 and CH4 into valuable chemical products of synthesis 
gas (Eq. (1)), representing a more compelling avenue for the effective 
utilization of waste resources in large-scale as the easy control and 
optimistic yield [4,5]. However, the decomposition of CO2 and CH4 
requires a large energy input as their bond cleavage energies are rela-
tively high at around 750 and 439.3 kJ/mol [6–9], respectively. 
Therefore, traditional DRM catalytic reactions are typically performed 
at high operating temperatures with great energy consumption, which 
would further lead to serious carbon deposition and catalyst deactiva-
tion, restraining the catalytic performance with both low yield and poor 
cycling ability [10,11]. 

CH4 + CO2 → 2H2 + 2CO, G298K = 69 kJ ∕ mol                              (1)

Recently, the non-thermal plasma (NTP) induced catalytic reaction 
has attracted increasing numerous research attention due to the mild 
operation condition, low cost, and high efficiency. Specifically, the 
plasma-excited electrons with extremely high activity are beneficial for 
capturing CO2 and CH4 molecules, thereby forming highly active sub-
stances (such as multi-excited state particles, ions, and free radicals). 
Although the electron temperature can reach 104-105K, the electron 
mass (<10− 30 kg) is extremely low [12]. Using the NTP instead of 
traditional catalytic thermal activation in thermal limiting reactions 
such as DRM can not only maintain the reaction system at around room 
temperature but also effectively reduce the carbon deposition or even 
ameliorate the catalyst deactivation caused by temperature rise [13]. 
Additionally, catalysts that were typically sieved or deposited on the 
supporting matrix in the space of a dielectric barrier discharge (DBD) 
reactor have been demonstrated to exhibit a synergistic conversion ef-
fect with plasma, further boosting the yield and energy efficiency of the 
desired products [14,15]. For example, Lin et al. loaded the NiO nano-
particles onto the γ-Al2O3 matrix and found a significant increase of CO2 
and CH4 conversion rates to 80.3 % and 86.4 %, far more exceeding the 
plasma counterpart at around 18.3 % and 24.6 % [16]. Vakili and his 
colleagues also sprinkled UiO-67 on quartz cotton fibers and claimed 
higher CO2 and CH4 conversion, which was enhanced by 10 % and 18 % 
compared to the pure plasma experiment [17]. It is worth mentioning 
that powder catalysts are generally filled in the DBD reactor on the 
supporting matrix, such as γ-Al2O3, glass seeds, zeolites, quartz wools, or 
sieved into different meshes under high pressure [18,19]. However, 
these traditional catalyst loading methods have been demonstrated to 
display inferior catalytic activity mainly due to the compact loading 
density, insufficient exposed active sites, or uneven catalyst distribution 
[20–24], which would result in the suppression of filamentary micro-
discharge but dominating the surface discharge mode, further lowering 
the energy of electrons and radicals. Considering the catalytic reactions 
rely heavily on the interfacial surface properties of the core catalysts 
[25–27], it is therefore very reasonable to consider a better interfacial 

catalyst loading approach to maximize the number of exposed active 
sites and enhance the microdischarge effect, giving rise to overall DRM 
performance.

Interestingly, designing a three-dimensional (3D) framework as the 
supporting matrix to distribute porous catalysts has been a promising 
solution to optimize the interfacial surface merits of catalysts for DRM. 
Wang et al. used SiO2 particles ranging from 10 to 2000 nm as templates 
to compare the catalytic performance of three-dimensional porous ma-
terials such as Cu and CuO with different pore sizes in NTP catalytic 
DRM [28]. They found that Cu-10 and CuO-1000 still exhibited higher 
conversion rates than empty tubes when the catalyst was completely 
filled. This indicates that the conversion rate in DRM reaction can still be 
improved as long as the catalyst structure is appropriate. In addition, Li 
et al. designed a 3D layered double hydroxide nanosheet supported by 
nickel foam (NF) with a large surface area and abundant alkaline ab-
sorption site that enabled high CH4/CO2 conversion rates of 16 %/9% 
[29]. Siliceous mesoporous foams supported by CuZnO catalyst also 
delivered an outstanding CO2 hydrogenation reduction performance due 
to the porous structure with excellent plasma discharging behavior and 
radical diffusion capacity [30]. Recently, metal–organic frameworks 
(MOFs) have attracted extensive research attention for various plasma- 
catalytic applications [31,32], especially CO2 hydrogenation and 
pollutant removal due to their promising gas adsorption capacity 
[33–35]. Inspired by this, Vakili’s group performed a pioneered work 
employing the UiO-67 MOF as the core catalyst for DRM and discovered 
a combination of filamentary microdischarges and surface discharges 
was enhanced, thus improving the conversion of CH4 and CO2 by about 
18 % and 10 %, respectively [17]. However, the research of tuning the 
MOFs nanostructure and surface property to optimize the micro-
discharge and alkaline absorption ability for DRM activity is still in its 
infant stage, and this has motivated us to carry out the current study to 
gain more insights.

Herein, the free-standing 3D bacterial cellulose (BC) foams sup-
ported the bimetallic-MOF polyhedrons (Co/Ni-MOF@BC) were suc-
cessfully fabricated via a simple self-assembly toward the plasma- 
assisted DRM. Ingeniously, the co-coordination of Co and Ni ions dur-
ing the MOF formation process significantly altered its nanostructure 
into the polyhedrons with a size of 500 nm to microns, which coinci-
dently fitted the pores in BC to uplift the malleable cellulose nanofibers 
network, giving rise to more abundant pores of Co/Ni-MOF@BC foams. 
This textural optimization of Co/Ni-MOF@BC could induce a stronger 
plasma-catalysis interaction via an enhanced combination of primarily 
filamentary microdischarge and surface discharge mode, which 
rendered higher CO2 and CH4 conversion rates to 52.31 % and 71.50 %, 
far more exceeding those of monometallic Co/MOF@BC and Ni/ 
MOF@BC. Besides, according to characterization results of CO2-tem-
perature-programmed desorption (TPD) curves, the bimetallic Co/Ni- 
MOF@BC exhibited a substantially improved alkaline absorption abil-
ity, favoring the more kinetically constrained CO2 reduction. As a result, 
it displayed the highest CO yield and selectivity of 43.04 % and 69.52 %, 
which was 1.8 and 1.3 times higher than plasma-only and Co/Ni-MOF 
powder, respectively. In addition, the stability of Co/Ni-MOF@BC was 
evidenced to be robust with almost unchanged DRM performance, 
crystallinity, and morphology, as well as the surface chemical states. In 
summary, we have proposed a unique free-standing 3D Co/Ni-MOF@BC 
catalyst with both excellent structure and surface merits, which is 
believed to inspire more research outputs on the construction of func-
tional catalysts with abundant pores and alkaline absorption sites to 
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accelerate the redox kinetics of CO2/CH4 conversion.

2. Experimental Section

2.1. Chemicals

Cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O, 99 %, Shanghai 
Aladdin Biochemical Technology Co., Ltd.), nickel nitrate hexahydrate 
(Ni(NO3)2⋅6H2O, 99 %, Tianjin Damao Chemical Reagent Co., Ltd.), and 
2-methylimidazole (2-MeIm, 99 %, Shanghai Macklin Biochemical 
Technology Co., Ltd.) were obtained as analytical grade chemicals 
without further purification. The bacterial cellulose (BC) membrane was 
purchased from Guilin Qihong Technology Co., Ltd.

2.2. Synthesis of free-standing Co/Ni-MOF@BC

The free-standing Co/Ni-MOF@BC foams were synthesized by the 
precipitation of MOF onto the 3D BC foams via the electrostatic inter-
action between the negatively charged BC and positively charged metal 
ions. Firstly, several BC membrane slices (4 cm × 2 cm) were immersed 
in 500 mL NaOH (0.01 M) solution under vigorous stirring for 5 h fol-
lowed by a complete washing with deionized water until neutral. Af-
terwards, the pretreated BC slices were transferred into a 40 mL aqueous 
solution containing 388 mg Co(NO3)2⋅6H2O and 194 mg Ni 
(NO3)2⋅6H2O, and kept static for 6 h to achieve adsorption equilibrium. 
Then these BC slices were picked into 40 mL deionized water and mixed 
with another 60 mL aqueous solution containing 1.64 g 2-methylimida-
zole (2-MeIm) dropwise, followed by gentle stirring for 2 h. Afterward, 
the mixture was kept in static for 5 h and washed multiple times to 

remove excess 2-MeIm, and finally freeze-dried for 24 h at − 65 ◦C to 
obtain the puffy and free-standing Co/Ni-MOF@BC foams. For control 
experiments, Co-MOF@BC foams and Ni-MOF@BC foams were syn-
thesized using similar procedures using Co(NO3)2⋅6H2O only or Ni 
(NO3)2⋅6H2O only. While Co/Ni-MOF powder was obtained using the 
same routine except for the use of BC foams for the absorption 
equilibrium.

2.3. Instrument setup for NTP-assisted DRM

The experimental setup used in this study is depicted in Fig. 1. The 
coaxial DBD reactor was a quartz tube with an inner diameter size of 18 
mm, a thickness of 1 mm, and a length of 40 cm. The internal electrode 
was a 304 stainless steel tube with an inner diameter of 8 mm, which was 
connected to the high-voltage output. The discharge length and 
discharge gap were controlled to 8 cm and 5 mm, respectively. The 
ground electrode made of 304 stainless steel mesh was wrapped outside 
the quartz tube and connected to the external capacitor. Plasma was 
generated using a high-frequency AC high-voltage generator (CTP-2000 
K, Suman Nanjing Co., Ltd.), and the discharge volage was also recorded 
by this instrument. The electrical signals were recorded using a digital 
oscilloscope (TBS 2000B series, Tektronix Co., Ltd.). A gas mixture of 
CH4, CO2, and Ar (10 %, 10 %, and 80 %) was controlled by a mass flow 
controller (MFC, Beijing Sevenstar Flow Co., Ltd.) and then purged into 
the DBD reactor in a flow rate of 30 mL min− 1. Following the reaction, 
the gas products were analyzed online using a gas chromatograph (GC 
7900, Shanghai Tianmei Co., Ltd.) equipped with a thermal conductivity 
detector and a flame ionization detector. In this experiment, all packing 
materials were placed in a vacuum-drying oven at 40◦C for 6 h before 

Fig. 1. Schematic diagram of (a) NTP setup and (b) enlarged DBD plasma-catalytic reactor.

K. Zheng et al.                                                                                                                                                                                                                                   Journal of Colloid And Interface Science 683 (2025) 564–573 

566 



being placed in the DBD reactor. Before the experiment, the packing 
material was subjected to the feeding gas under a discharge power of 
22.5 W for 30 min, aiming to eliminate any residual traces of unreacted 
dimethylimidazole that might be present.

2.4. Material characterization

The morphology of the as-prepared materials was investigated using 
transmission electron microscopy (TEM, FEI Tecnai F20, America) and 
scanning electron microscopy (SEM, TESCAN MIRA LMS, America). The 
crystallinity of the materials was measured using an X-ray diffractom-
eter (XRD, Rigaku D/MAX-2600, Japan). The specific surface area and 
pore size distribution plots were analyzed via the N2 adsorp-
tion–desorption isotherms obtained with a Micromeritics ASAP 2460 
instrument. The chemical states and surface composition of catalysts 
were analyzed using X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific, America). The acidity and basicity of the materials were 
tested using the temperature-programmed desorption instrument (TPD, 
Micromeritics AutoChem II 2920, America).

2.5. Analytical methods

In this study, the reactant and product concentrations of the DRM 
reaction were analyzed using a gas chromatograph (GC). The following 
parameters were defined to evaluate the CH4 and CO2 conversion rates, 
product selectivity, product yield, and energy efficiency. 

CCO2 (%) =
CO2converted(mol/s)

CO2input(mol/s)
× 100 (2) 

CCH4 (%) =
CH4converted(mol/s)

CH4input(mol/s)
× 100 (3) 

SCO(%) =
COproduced(mol/s)

CO2converted(mol/s)+CH4converted(mol/s)
× 100 (4) 

SH2 (%) =
H2produced(mol/s)

2 × CH4converted(mol/s)
× 100 (5) 

SCxHy (%) =
x × CxHyproduced(mol/s)

CO2converted(mol/s)+CH4converted(mol/s)
× 100 (6) 

YCO(%) =
COproduced(mol/s)

CO2input(mol/s)+CH4input(mol/s)
× 100 (7) 

YH2 (%) =
H2produced(mol/s)

2 × CH4input(mol/s)
× 100 (8) 

YCxHy (%) =
x × CxHyproduced(mol/s)

CO2input(mol/s)+CH4input(mol/s)
× 100 (9) 

E(mol/kJ) =
CO2converted(mol/s)+CH4converted(mol/s)

Powerinput(kW)
(10) 

3. Results and Discussion

3.1. Nanostructure analysis

To optimize the morphology merits of 3D free-standing MOF@BC 
foams catalyst toward an efficient DRM reaction, we found that the 
metallic species were of vital importance to regulating the average size 
of MOFs particles. Typically, both the monometallic MOF@BC (Co- 
MOF@BC, Ni-MOF@BC) and bimetallic Co/Ni-MOF@BC catalysts were 
fabricated via facile self-assembly between metallic ions and organic 
ligands on the BC nanofiber foams. The abundant hydrophilic –OH 
groups on the BC scaffold enabled sufficient adsorption of metal ions 
through the electrostatic interaction, and thus, a stable metal–organic 

framework could be attached intimately to the substrate once dime-
thylimidazole was added (Fig. 2a, see Supporting Information, Fig. S1). 
After the freeze-drying process, the 3D Co/Ni-MOF@BC foams with both 
good mechanical and excellent flexible properties were obtained. As 
shown in Fig. 2b, the BC foams exhibited a morphology of a connected 
nanofiber network with pores ranging from tens to hundreds of nano-
meters and a fiber thickness of around 30 nm. Since the MOFs nano-
particles were first nucleated on the flexible BC fibers, their further 
growth could either enlarge the BC nanofibers pores or refill the pore 
space, which would have a positive or negative effect on the final 
exposed active sites for DRM reaction, respectively. Intriguingly, the co- 
existence of Co and Ni ions at a total metal usage of 2 mmol rendered the 
polyhedron Co/Ni-MOF units with an average size of around 1 μm, 
enabling both an expansion of the flexible BC nanofibers and a creation 
of more abundant pores without destroying the basic BC scaffold. This 
was also in good accordance with the rolling surface of Co/Ni-MOF@BC 
in comparison with the flat morphology of pure BC foams (Fig. S2). In 
contrast, we observed an opposite tendency for Co-MOF@BC that the BC 
nanofibers networks were split by the overlarge size of Co-MOF reaching 
8 μm, which was far more exceeding the macropores in BC and thus 
caused a complete exposure of Co/MOF macrospheres on the supporting 
matrix, failing to create more pores (Fig. 2g, Fig. S3). Additionally, the 
exposed pores in Ni-MOF@BC were also reduced as evidenced by the 
over-small size of flat Ni-MOF nanoflakes at around tens to hundreds of 
nanometers (Fig. 2h, Fig. S4), which was very close to that of pores in 
BC foams, leading to a refilling of pores. Unlike the 3D free-standing 
MOF@BC catalysts, the as-prepared Co/Ni-MOF powder exhibited a 
nanoleaf structure ranging from several hundred nanometers to ten 
micrometers and a thickness of 170 nm (Fig. S5), differing from the 
above-mentioned morphology. These results were also consistent with 
previous reports that both the metal ions species and concentrations 
have a significant impact on the MOFs nanostructures [36–39]. 
Compared with the Co/Ni-MOF powder, the free-standing merit of Co/ 
Ni-MOF@BC foams, Co-MOF@BC foams, and Ni-MOF@BC foams would 
render them with random clipping into slices with different sizes to fill 
the coaxial space in DBD reactor, providing more active sites for DRM 
reaction. More importantly, the synergetic use of Co and Ni ions prop-
erly regulated the size of Co/Ni-MOF polyhedrons to fit and enlarge the 
BC space with more pores, which was inferred to demonstrate the most 
favorable role for the plasma-catalytic DRM performance.

To confirm the above-mentioned more abundant pores for the 
bimetallic Co/Ni-MOF@BC foams in comparison with other single 
metallic MOF@BC foams and Co/Ni-MOF powder samples, the N2 
adsorption/desorption isotherms were further carried out in Fig. 3a. 
Obviously, Co/Ni-MOF@BC displayed a totally different type IV 
isotherm with a type H1 hysteresis loop, which was the typical charac-
teristic of mesoporous materials with the corresponding size distribution 
at around 5 nm as reflected by Fig. 3b. By contrast, for other samples, we 
observed a type H3 hysteresis loop in the relative pressure (P/P0) range 
of 0.1 to 1.0, indicating the presence of capillary condensation and the 
formation of silt-shaped pores caused by aggregates of particles [40]. As 
shown in Table S1, the specific Brunauer-Emmett-Teller (BET) surface 
area of Co/Ni-MOF@BC reached the highest value of 230.59 m2 g− 1, 3 
times higher than that of pure BC foams. While both the single metallic 
Co-MOF@BC and Ni-MOF@BC displayed a similar but slightly lower 
BET surface area than BC foams, indicating the MOFs units covering or 
refilling the space in BC with a low compound concentration. Not sur-
prisingly, the Co/Ni-MOF powder reflected the lowest surface area of 
11.60 m2 g− 1, which was only one-twelfth of the 3D BC foams, which 
might indicate its nanostructure inferiority toward DRM. We ascribed 
the significant discrepancy in BET surface area of the free-standing Co/ 
Ni-MOF@BC to the proper stain force induced by the tempered size of 
Co/Ni-MOF units, which could not only enlarge the macropores of BC 
but also create more abundant mesoporous structure without damaging 
the basic BC supporting matrix (Fig. 3c-d). This result was also kept in 
good accordance with SEM results, and the 3D bimetallic Co/Ni- 
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MOF@BC was believed to express its synergetic effect in boosting the 
CO2 and CH4 conversion rate in terms of its morphology merits.

The core-level XPS spectra of Co and Ni elements were carried out to 
explore the surface chemical states discrepancy between bimetallic and 
monometallic MOF@BC samples (Fig. 4a-b). The Co 2p spectrum of Co- 
MOF@BC can be fitted into six peaks, of which the binding energy at 
around 779.4/794.9 eV and 780.9/796.6 eV were assigned to the Co3+

and Co2+ species, respectively [41] (Fig. 4a). Remarkably, one can 
observe a significant blue shift of all these peaks by 1.4 ~ 1.7 eV for the 
bimetallic Co/Ni-MOF@BC, which indicated the apparent change of 
electron distribution due to the Ni ions coordination and might have a 
positive effect on the CO2 absorption. As regards the Ni 2p spectrum for 
Co/Ni-MOF@BC, the peaks at around 854.9/872.2 eV and 855.6/872.9 
eV were identified as Ni2+ and Ni3+ species, respectively (Fig. 4b) [42]. 
However, we observed an opposite tendency in that all fitted peaks were 
witnessed with a red shift by 0.4 ~ 0.6 eV when compared to Ni- 
MOF@BC foams. The opposite directions of Co and Ni peak move-
ments suggested an increased electron cloud density on Ni surface from 
Co surface, further implying the apparently mutual electronic 

interaction of Co and Ni ions in the bimetallic Co/Ni-MOF@BC foams. 
More importantly, this redistribution of electrons on transition metals 
was inferred to favor the CO2 absorption or even activation as reported 
in other works.

It is widely acknowledged that CO2 absorption is of vital importance 
for the DRM as its overhigh dissociation energy makes itself more 
difficult to convert than CH4. To this end, the catalyst basicity was 
further evaluated by a CO2-TPD test ranging from room temperature to 
250 ◦C to assess the CO2 absorption capacity for DRM. Afkhami- 
Ardekani et al. reported the thermal stability of ZIF-67 remained 
around 300 ℃ [43]. The reason for choosing this mild temperature in-
terval was ascribed to the non-thermal plasma catalyst condition as well 
as the easy thermal decomposition of BC above at high temperatures. In 
comparison with the monometallic Co-MOF@BC foam, the bimetallic 
Co/Ni-MOF@BC exhibited a more positive peak position at around 
124.7 and 149.5 ◦C and an enlarged integrated area, indicating the 
stronger basicity and more abundant basic absorption sites (Fig. 4c-d). 
The Ni-MOF@BC showed a similar phenomenon with lower tempera-
ture absorption peak at around 123.5 and 145.1 ◦C, and its integrated 

Fig. 2. (a) Schematic illustration of the synthetic process of the Co/Ni-MOF@BC foams; SEM images of (b) BC foam and (c) Co/Ni-MOF@BC; (d) TEM image of Co/ 
Ni-MOF@BC; (e, f) STEM-HAADF of Co/Ni-MOF@BC; SEM images of (g) Co-MOF@BC foam; (h) Ni-MOF@BC foam; (i) Co/Ni-MOF powder.
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area was calculated to be far behind that of bimetallic Co/Ni-MOF@BC 
(Fig. 4d-e, Table S2), which might evidence its inferior CO2 absorption 
ability among all samples. Considering the above-mentioned synergetic 
effect of Co and Ni metallic interaction on both structure merits and CO2 
absorption, it is thus reasonable to infer a significantly enhanced DRM 
catalytic performance for our bimetallic free-standing Co/Ni-MOF@BC 
catalyst under non-thermal plasma condition.

3.2. Catalytic performance

To study the discharge behavior of the as-prepared MOFs catalysts 
with different existing forms including the puffy free-standing matrix 
(Co/Ni-MOF@BC foams) and compact powder (Co/Ni-MOF powder), 
we first investigated their electronic signals in the CH4/CO2/Ar mixture 
with a molar ratio of 1:1:8 under a frequency of 7.5 kHz, a fixed 
discharge powder of 22.5 W, and a flow rate of 30 mL min− 1. According 
to previous reports [44], the catalyst filling method has been demon-
strated to have a great influence on the discharge manners, of which the 
partly filling method generally exhibits a superior discharge perfor-
mance with both filamentary micro discharges and surface charge due to 
the abundant volume fraction in the gap. Herein, all samples were partly 
filled in the bottom of DBD reactor with a discharge length of 8 cm. As 
shown in Fig. 5a, similar to the empty tube, both the partly filled Co/Ni- 
MOF@BC and Co/Ni-MOF powder displayed a similar discharge mode 
with obvious current spikers that corresponded to the predominant 
filamentary microdischarge on the catalyst surface. Compared to the 
slightly increased current density of MOF powder than that of empty 

tube at around − 0.08 A, the 3D free-standing Co/Ni-MOF@BC exhibited 
a significantly enhanced value up to 0.18 A, indicating the most sub-
stantial interaction between plasma and catalyst due to a combination of 
filamentous discharge mode and edge discharge mode [45,46]. Specif-
ically, the porous Co/Ni-MOF@BC was composed of a large number of 
void edges, and thus, polarization electric fields were easily formed, 
making the local field strength higher than the average discharge field 
strength. Therefore, this enhanced plasma-catalysis interaction induced 
by our porous Co/Ni-MOF@BC foams was supposed to favor the pro-
posed chemical reactions.

Prior to the comparable experiments, the discharge voltage was 
firstly optimized by evaluating the DRM performance of the empty tube 
under plasma-only conditions at 30, 40, and 50 kV with the CO2/CH4/Ar 
molar ratio of 1:1:8 at a feeding rate of 30 mL min− 1, respectively. The 
results evidenced that with a value of 50 kV, the empty tube showed the 
highest CO2/CH4 conversion rates to 20.91 %/52.69 %, best product 
yields, selectivity, as well as the H2/CO molar ratio around 1.02 
(Fig. S6). Although the introduction of a supporting matrix reduces the 
discharge volume, sometimes this might lead to decreased CO2/CH4 
conversion rates [47–50]. We observed an almost unchanged DRM 
performance after partly loading the BC foams at the bottom of the DBD 
reactor (Fig. 5b, Fig. S7), which may be attributed to the positive effect 
of pore microdischarge that compensated the discharge volume 
shrinking [28]. Based on this overall result, BC foams have demon-
strated little effect on either plasma behavior or catalytic conversion, 
which could exclude its influence on the enhancement of DRM perfor-
mance and make it comparable for various MOFs-based materials for 

Fig. 3. (a) N2 adsorption–desorption isotherms and (b) Pore size distributions of BC and various MOFs catalysts; (c) Schematic illustration of the enlarged surface 
area of 3D free-standing Co/Ni-MOF@BC in comparison with pure BC foams.
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plasma-catalysis interaction evaluation.
As expected, the 3D Co/Ni-MOF@BC foams demonstrated a superior 

plasma-catalytic DRM performance in comparison with the mono-
metallic MOF@BC samples and Co/Ni-MOF powder on CO2/CH4 con-
version rates (Fig. 5b). Remarkably, once the monometallic MOF units 

were introduced onto the BC foams, the CO2/CH4 conversion rates of Co- 
MOF@BC and Ni-MOF@BC reached 34.37 %/59.58 % and 30.50 
%/62.43 %, which was more than 9.59 %/9.74 % higher than plasma 
only condition, indicating the critical catalytic role of Co-MOF and Ni- 
MOF in boosting the DRM activity. Intriguingly, the bimetallic Co/Ni- 

Fig. 4. Core-level XPS spectra of (a) Co 2p for Co-MOF@BC and Co/Ni-MOF@BC; (b) Ni 2p for Ni-MOF@BC and Co/Ni-MOF@BC; CO2 -TPD profiles of (c) Co- 
MOF@BC; (d) Co/Ni − MOF@BC; and (e) Ni-MOF@BC foams.

Fig. 5. (a) Electrical signals in a DBD plasma reactor at the frequency of 7.5 kHz and the voltage of 50 kV with different packing materials; Comparison of (b) CO2 
/CH4 conversion rates; (c) Yields of CO, H2, and C2 -C3 hydrocarbons; (d) Selectivity of CO, H2 and C2 -C3 hydrocarbons; (e) Energy efficiency of empty tube and 
various MOFs materials at a discharge power of 22.5 W, gas feeding flow rate of 30 mL min− 1 and CH4 /CO2 molar ratio of 1.
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MOF@BC foams further improved the CO2 conversion rate to 52.31 %, 
which was 2.5 and 1.5 times higher than the empty tube and mono-
metallic MOF@BC foams, respectively. A similar tendency was also 
witnessed in the CH4 conversion rate, among which the Co/Ni-MOF@BC 
ranked at the top at 71.50 %, exceeding about 18.81 % of the empty tube 
and BC foams. It is widely acknowledged that CO2 dissociated energy is 
much larger than that of CH4 [51], making it more challenging to 
construct efficient catalysts to reduce CO2. Fortunately, according to the 
above-mentioned analysis, one can learn that compared to the plasma- 
only condition, the bimetallic Co/Ni-MOF@BC foams reflected a CH4 
conversion improvement rate by 1.36 folder while its CO2 conversion 
rate exhibited a significantly sharper increase by 2.50 folder from 20.91 
% to 52.31 %, evidencing its more advantageous effect in CO2 reduction. 
This was mainly attributed to the more abundant alkaline absorption 
sites as described from the CO2-TPD measurement (Fig. 4c-e). Further-
more, the bimetallic Co/Ni-MOF@BC foams also displayed a leading 
superiority on CO2/CH4 conversion over Co/Ni-MOF powder and fully 
packed Co/Ni-MOF@BC foams (Fig. S8), which confirmed the necessary 
for 3D nanostructure with more abundant pores and partly filling 
method to induce the microdischarge both outside and inside the pores 
to provide more energy for the breaking of molecular CO2 and CH4 
bonds.

Correspondingly, the bimetallic Co/Ni-MOF@BC foams also re-
flected the highest CO and H2 production levels at around 43.04 % and 
34.02 % (Fig. 5c). In decreasing order, Co-MOF@BC, Ni-MOF@BC, Co/ 
Ni-MOF powder, and empty tube displayed lower values than Co/Ni- 
MOF@BC, indicating the significant role of Co/Ni co-coordination and 
3D textural merit. However, one can see the Co/Ni-MOF powder 
exhibited the highest C2-C3 yield at 7.85 %, which was around 2.79 and 
1.66 times higher than the Co/Ni-MOF@BC and empty tube, respec-
tively. This could be ascribed to the highest electron energy of Co/Ni- 
MOF@BC foams induced by the most intensive microdischarge mode, 
as confirmed by our electronic signals. Therefore, the hot electrons with 
stronger energy were more favorable in breaking the C2-C3 hydrocarbon 
bonds into shorter CO (Fig. 5a), rendering the highest CO but lowest 
hydrocarbon yield for the Co/Ni-MOF@BC sample. Accordingly, the Co/ 
Ni-MOF@BC foams displayed the highest CO and H2 selectivity up to 
69.52 % and 47.58 %, which were close to those of Co-MOF@BC, further 
confirmed the superiority of bimetallic coordination of MOF units 
(Fig. 5d). Additionally, in decreasing order of the bimetallic Co/Ni- 
MOF@BC, monometallic Co-MOF@BC and Ni-MOF@BC, Co/Ni-MOF 
powder, and empty tube, the energy efficiency (E) was witnessed with a 
value of 0.189, 0.146, 0.141, 0.106, and 0.128, respectively (Fig. 5e). 
This tendency, the Co/Ni-MOF@BC ranking to the top, was also 
consistent with the above-mentioned CO2/CH4 conversion rate, yield, 
and selectivity, further indicating the best plasma-catalytic effect opti-
mized by 3D nanostructure and superior surface chemical states.

To sum up, we ascribed this significantly improved DRM perfor-
mance of bimetallic Co/Ni-MOF@BC over the monometallic MOF@BC 
foams to the synergetic coordination effect of Co and Ni ions, which had 
a profound and positive impact on the nanostructure construction with 
abundant pores and surface modulation with plentiful alkaline absorp-
tion sites. Firstly, the appropriate size of Co/Ni-MOF units from 500 nm 
to several microns enabled a strain uplift to enlarge the porous BC matrix 
and thus rendered with more pores, giving rise to an increased surface 
area and more intensive filamentary microdischarge inside or outside 
the pores, which would boost more active electrons to involve in the 
chemical reactions. Secondly, the bimetallic Co/Ni-MOF@BC also 
exhibited an enhanced CO2 absorption ability according to the CO2-TPD 
measurement, which was the fundamental step for highly efficient CO2 
reduction. Thirdly, the 3D free-standing BC matrix also imparted Co/Ni- 
MOF@BC with an overwhelming advantage role in enhancing the CO2/ 
CH4 conversion rates in comparison to the compact Co/Ni-MOF powder, 
which further confirmed the scaffold merits of our bimetallic Co/Ni- 
MOF@BC foams to induce a strong plasma-catalytic interaction for 
DRM reaction.

Since the catalyst stability is vital for the plasma-catalytic DRM 
system due to the highly active electrons that might damage both the 
morphology scaffold and surface properties, it is essential to evaluate the 
corresponding long-term DRM stability, the consistency of nano-
structure, and surface chemical states after reaction. It is known to all 
that both MOFs and BC are composed of organic co-polymers rather than 
robust inorganic materials such as metallic compounds, which electrons 
might easily attack. To this end, we first tested the long-term DRM ac-
tivity of pure BC foams and Co/Ni-MOF powder to check if this would 
happen to our 3D free-standing Co/Ni-MOF@BC foams. As shown in 
Fig. S9, both the BC matrix and Co/Ni-MOF powder displayed stable 
CO2 and CH4 conversion rates in a 6 h plasma duration, of which the 
values were similar to their original values in Fig. 5b, revealing that the 
non-thermal plasma had neglectable effect on DRM activity deteriora-
tion. Notably, the bimetallic Co/Ni-MOF@BC foams also exhibited an 
excellent DRM performance with finally stable CO2 and CH4 conversion 
rates at around 52.5 % and 72.5 % even at 360 min, indicating the robust 
plasma-catalytic interaction during the reaction equilibrium (Fig. 6a). 
Furthermore, its morphology and crystallinity were also monitored by 
the SEM image and XRD measurement. One can see the similar nano-
structure that Co/Ni-MOF units inserted into the BC nanofiber network 
(Fig. 6b) and unchanged XRD patterns when compared to the fresh Co/ 
Ni-MOF@BC foams (Fig. 6c), revealing the structure stability. Besides, 
the core-level XPS spectra of Co 2p and Ni 2p for Co-MOF@BC remained 
almost the same (Fig. 6d-e) compared to those of the fresh sample, as 
described in Fig. 4a-b. Therefore, outstanding DRM stability has been 
demonstrated for 3D free-standing Co/Ni-MOF@BC foams, which might 
pave new insight for future researchers in designing the highly efficient 
DRM catalyst for large-scale applications.

4. Conclusion

In summary, we have successfully developed bimetallic-MOF poly-
hedrons supported on the free-standing 3D BC foams via simple self- 
assembly toward the plasma-assisted DRM. Ingeniously, the ingenious 
Co and Ni ions co-coordination rendered Co/Ni-MOF@BC foams with 
both a textural advantage in creating more abundant pores to induce 
intensive predominant filamentary microdischarge and surface merit 
with stronger alkaline absorption sites to boost the CO2 absorption, 
respectively. Specifically, the former favored Co/Ni-MOF@BC with a 3- 
fold higher surface area to 230.59 m2 g− 1 in comparison to the BC foams 
due to the nanostructure uplifting of the supporting nanofibers network, 
which was demonstrated to deliver a significantly enhanced plasma- 
catalyst interaction as reflected by the highest filamentary micro-
discharge current to 180 mA. For the latter, the CO2-TPD characteriza-
tion results showed that Co/Ni co-regulated MOF exhibited an enhanced 
CO2 absorption capacity with the highest peak area of the CO2-TPD 
curve with a value of up to 45.61, which was also in good accordance 
with the experimental result. This would impart the bimetallic Co/Ni- 
MOF@BC foams with accelerated reaction kinetics for the more kineti-
cally constrained CO2 conversion. As a result, it displayed the highest 
CO2 and CH4 conversion rates at 52.31 % and 71.50 %, far more than 
those of monometallic Co-MOF@BC and Ni-MOF@BC. Along with the 
robust DRM catalytic stability as reflected by the consistent CO2/CH4 
conversion rates, crystallinity, morphology, and interfacial properties 
after the long-time DRM evolution, we believe this unique free-standing 
Co/Ni-MOF@BC foams with both structural and interfacial merits 
would further motivate more fruitful research outputs on the precise 
design of a high-efficient DRM catalyst, particularly on maximizing the 
benefits on plasma-catalyst discharge behavior and CO2 absorption- 
conversion kinetics.
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