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SUMMARY

The large-scale application of economically efficient electrocatalysts for hydrogen evolution reaction

(HER) is limited in view of the high cost of polymer binders (Nafion) for immobilizing of powder cata-

lysts. In this work, nitrogen-doped molybdenum carbide nanobelts (N-Mo2C NBs) with porous struc-

ture are synthesized through a direct pyrolysis process using the pre-prepared molybdenum oxide

nanobelts (MoO3NBs). Nanocellulose instead of Nafion-bondedN-Mo2CNBs (N-Mo2C@NCs) exhibits

superior performance toward HER, because of excellent dispersibility and multiple exposed catalyti-

cally active sites. Furthermore, the conductive film composed of N-Mo2C NBs, graphene nanosheets,

and nanocellulose (N-Mo2C/G@NCs) is fabricated by simple vacuum filtration, as flexible and editable

electrode, which possesses excellent performance for scale HER applications. This work not only pro-

poses the potential of nanocellulose to replace Nafion for binding powder catalysts, but also offers a

facile strategy to prepare flexible and conductive films for a wide variety of nanomaterials.
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INTRODUCTION

With the depletion of energy sources (such as oil and coal) and the environmental problems caused by

burning fossil fuels (global warming, air and water pollution, etc.), green renewable energy sources such

as solar energy and hydrogen energy are bound to become an important energy source for future devel-

opment (Gray, 2009; Turner, 2004; Hui et al., 2019). Hydrogen energy is an extremely superior new energy

source with high combustion heat value, no pollution, rich resources, and wide application range, which is

regarded as the ideal clean energy in the future (Dresselhaus and Thomas, 2001; Yu et al., 2018a, 2018b).

Among various hydrogen production procedures, electrochemical water splitting is inherently considered

to be an ideal eco-friendly method to produce hydrogen with high purity (Koper, 2013; Walter et al., 2010;

Zeng et al., 2018; Yu et al., 2019). Efficient water splitting typically requires highly active electrocatalysts to

promote the hydrogen evolution reaction (HER) (Huang et al., 2018; Fang et al., 2019). Recently, tremen-

dous efforts have been devoted to search for non-precious metal catalysts to replace Platinum (Pt)-based

catalysts in the hydrogen generation with high current densities at low overpotentials, which is thus highly

desirable (Wang et al., 2016; Shi and Zhang, 2016; Voiry et al., 2016). In particular, as an alternative, molyb-

denum-based catalysts, such as molybdenum disulfide (MoS2) (Geng et al., 2016), molybdenum diselenide

(MoSe2) (Deng et al., 2018), molybdenum phosphide (MoP) (Xiao et al., 2014), molybdenum carbide (Mo2C)

(Humagain et al., 2018), and molybdenum nitride (MoN) (Zhang et al., 2016), have recently attracted great

attention as potential catalysts for HER, owing to their high cost-effectiveness, abundant molybdenum re-

sources, favorable catalytic activities, and excellent stabilities (Xing et al., 2014; Vrubel and Hu, 2012; Xie

et al., 2014). Among them, Mo2C, an excellent transition metal carbide, has received increasing attention

as a highly efficient HER electrocatalyst with high conductivity and optimal hydrogen absorption energy, in

view of the fact that its electronic structure is almost identical to that of Pt-group elements (Wu et al., 2015;

Zhao et al., 2015; Wan et al., 2014). To date, several kinds of Mo2C nanostructures have been successfully

synthesized and showed the enhanced performance for HER (Wu et al., 2015; Yang et al., 2016; Xu et al.,

2016). It is well known that the electrocatalytic properties of metal carbides strongly depend on their sur-

face structure and composition, which are closely associated with the porous structure and element doping

(Wu et al., 2015; Wang et al., 2015; Liu et al., 2015). Huang et al. (Xiong et al., 2018) prepared a kind of two-

dimensional Mo/Mo2C heteronanosheets (Mo/Mo2C-HNS) as an efficient and stable noble metal-free elec-

trocatalyst toward the HER in 0.5 M H2SO4. Gao et al. (Lin et al., 2016) developed cobalt-doping into Mo2C

nanowires to effectively optimize the electron features around Fermi level, accomplishing the efficient HER
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in both acidic and basic electrolytes. Therefore, to further improve HER activity of Mo2C, the structure-ac-

tivity relationship relying on controlled morphology and doping for enhancing exposure of surface active

sites is demanded to be uncovered for rational catalyst design.

In addition, the agglomeration of catalysts, especially in the form of powder, can also lead to the loss of

active sites (Chen et al., 2013). However, most of the as-synthesized nanoelectrocatalysts are in powder

form, which need to be loaded onto glassy carbon (GC) electrodes with conductive polymer binders,

such as Nafion. Unsatisfactorily, this step and the use of polymer materials will cause electrocatalysts

agglomeration, which often leads to not only lower catalytic activity but also instability in the catalytic pro-

cess (Asefa and Huang, 2017). Moreover, as long-term testing can cause Nafion to fall off from catalyst and

electrode, resulting in poor contact between the catalyst particles and the underlying GC electrodes, the

electron transfer from the electrode to electrocatalysts becomes difficult. Undoubtedly, Nafion is expen-

sive and must undergo hazardous manufacturing processes, which is not suitable for large-scale practical

applications (Liang et al., 2013; Dong et al., 2012; Kim et al., 2010). Therefore, it is urgently necessary to

exploit a low-cost and readily available material that can bond the catalyst powder without reducing cat-

alytic activity to replace the inconvenient artificial polymer, especially Nafion. Nanocelluloses (NCs), being

an abundant and natural polymer with considerable physical and biological properties, including renew-

able resource, sustainability, excellent mechanical properties, biodegradability, and biocompatibility

(Lin and Dufresne, 2014; Geyer et al., 1994), have been widely used in numerous fields such as electronics

(Yan et al., 2014), medicine (Liu et al., 2007), tissue engineering (Zhang et al., 2015), and pharmacy (Zoppe

et al., 2014). Moreover, nanocellulose possesses a superior hydrophilicity owing to the rich surface hydroxyl

group, as well as high specific surface area and thermal stability, making it an advantageous carrier and

binder for nanomaterials, especially in the powder form (Mo et al., 2009; Kaushik and Moores, 2016;

Nyström et al., 2009).

In this work, we report nitrogen-doped molybdenum carbide nanobelts (N-Mo2C NBs) with porous struc-

ture synthesized through a direct pyrolysis process using the pre-prepared molybdenum oxide nanobelts

(MoO3 NBs). Subsequently, nanocellulose instead of Nafion was employed in the bonding and fixing of

N-Mo2C NBs. Surprisingly, nanocellulose bonded N-Mo2C NBs (N-Mo2C@NCs) exhibited superior perfor-

mance for HER, which possessed a lower overpotential (achieved 10 mA cm�2) of 163 mV than Nafion

bonded N-Mo2C NBs (N-Mo2C@Nafion) (180 mV) in an acidic electrolyte. To develop a simple and inex-

pensive methodology for practical applications, the flexible film electrode composed of N-Mo2C NBs,

graphene nanosheets, and nanocelluloses (N-Mo2C/G@NCs) was fabricated by vacuum filtration. The ob-

tained N-Mo2C/G@NCs possessed a small onset potential of �41 mV versus RHE to reach 1 mA cm�2, low

Tafel slope (58.83 mA dec�1), and superior long-term stability (remaining the current densities of 100 mA

cm�2 for 100 h, 200 mA cm�2 for 77 h, and 300 mA cm�2 for 60 h with negligible degradation of 0.92%,

3.69%, and 4.04%, respectively) toward HER. This work not only proposed the potential of nanocellulose

to replace Nafion for binding powder catalysts, but also offered a facile strategy to prepare flexible conduc-

tive film electrode for a wide variety of nanomaterials.
RESULTS AND DISCUSSION

Herein, we performed a detailed characterization of MoO3 NBs and N-Mo2C NBs. The MoO3 NBs with

smooth surface were successfully synthesized by hydrothermal reaction, which was confirmed by scanning

electron microscopy (SEM) image (Figure 1A), transmission electron microscopy (TEM) images (Figure S1),

and X-ray powder diffraction (XRD, Figure S2). After calcining MoO3 NBs with dicyandiamide at 800�C for

2 h under Ar gas atmosphere, the prepared porous N-Mo2C NBs were confirmed by the XRD pattern (Fig-

ure 1H, JCPDS No. 72–1683), in which the characteristic peaks at 34.47� (021), 38.07� (200), 39.53� (121),

52.29� (221), 61.76� (040), 69.77� (321), 74.90� (240), and 75.85� (142) were detected (Wang et al., 2017).

Moreover, the SEM (Figures 1B and 1C) and TEM (Figures 1D and 1E) images indicated the nanobelt

morphology of N-Mo2C with the width of �500 nm and length of 2–8 mm inherited from the pristine

MoO3 NBs. However, the rough and porous surface of N-Mo2C NBs was observed. High-resolution trans-

mission electron microscopy (HRTEM) image in Figure 1F revealed well-resolved lattice fringes with the in-

terval distance of 0.223 nm that could be indexed to the (121) plane of Mo2C phase. The element mapping

result exhibited a homogeneous distribution of the N, C, and Mo elements in the resultant N-Mo2C NBs

(Figure 1G). Furthermore, the Brunauer-Emmett-Teller specific surface area of the porous N-Mo2C NBs

was determined by N2 adsorption-desorption isotherm as 21.60 m2 g�1, which was larger than that of

MoO3 NBs (11.03 m2 g�1), causing the penetration of electrolyte to be promoted and rich active sites to
iScience 19, 1090–1100, September 27, 2019 1091



Figure 1. Morphology and Structural Characterization of MoO3 NBs and N-Mo2C NBs

(A–C) SEM images of (A) MoO3 NBs and (B and C) N-Mo2C NBs.

(D–H) (D and E) TEM images, (F) HRTEM image, (G) the elemental mapping, and (H) XRD pattern of N-Mo2C NBs.

(I) The nitrogen adsorption-desorption isotherms and pore size distributions of MoO3 NBs and N-Mo2C NBs.

See also Figures S1–S3.
be exposed (Figure 1I) (Gao et al., 2016). Simultaneously, what we could get was that the pore size distri-

bution of N-Mo2C was below 10 nm (inset of Figure 1I). Subsequently, the thicknesses of MoO3 NBs and

N-Mo2C NBs were measured by atomic force microscope, as demonstrated in Figure S3. It could be

observed that the thickness of the N-Mo2C NBs (�120 nm) was greater than that of MoO3 NBs

(�58 nm), which should be derived from the rough porous structure formed on the surface of the

N-Mo2C NBs, resulting in that N-Mo2C NBs possessed a larger specific surface area and exposed more

catalytically active sites.

Pleasantly, the N-Mo2C was steadily dispersed in nanocellulose aqueous solution, which maintained 24 h

with negligible precipitation, as shown in Figure 2A. However, the N-Mo2C dispersed in both Nafion solu-

tion (Figure 2A) and aqueous solution (Figure S4) did not show satisfactory results. SEM was implemented

to examine the morphologies and structures of N-Mo2C@Nafion and N-Mo2C@NCs in Figures S5 and S6.

As displayed in Figure S5, through the Nafion link, the N-Mo2C NBs were concentrated and buried, indi-

cating that the use of Nafion would cause catalysts to aggregate and tightly cover catalysts, so that their

active sites could not be fully exposed. On the contrary, in Figure S6, the morphology of the N-Mo2C

NBs was maintained, and the addition of nanocelluloses caused the nanobelts to be bonded together

and well fixed. Simultaneously, the N-Mo2C NBs could be fully released, which was beneficial to the expo-

sure of active sites. To further confirm this point of view, the commercial 20 wt% Pt/C was taken the same

dispersion in Nafion and nanocellulose solution. SEM in Figures S7 and S8 indicated that 20 wt% Pt/C@NCs

possessed a higher exposure rate than that of 20 wt% Pt/C@Nafion.

Next, we investigated the HER electrocatalytic activity of N-Mo2C@NCs modified GC electrode in an

acidic electrolyte (0.5 M H2SO4), where the potential of the reference electrode was calibrated with
1092 iScience 19, 1090–1100, September 27, 2019



Figure 2. Comparison of Properties of Nafion- and Nanocellulose-Bonded Powder Catalysts

(A) Photos of N-Mo2C aqueous dispersion with nanocelluloses and Nafion solutions, respectively.

(B) The LSV curves (without iR corrected) of N-Mo2C@Nafion, N-Mo2C@NCs, 20 wt% Pt/C@Nafion, and 20 wt%

Pt/C@NCs.

(C and D) (C) Plot of positive and negative current density differences at a given potential (0.15 V versus the RHE) against

the CV scan rates, and (D) EIS Nyquist plots at �200 mV versus RHE recorded of porous N-Mo2C@Nafion and

N-Mo2C@NCs.

(E and F) (E) EIS Nyquist plots with different overpotentials and (F) the chronoamperometry curves recorded at the

overpotentials of 250 and 320 mV driven from N-Mo2C@NCs. All electrochemical tests were performed in 0.5 M H2SO4

solution.

See also Figures S4–S16.
respect to a reversible hydrogen electrode (RHE) performed in a high-purity H2 (99.999%)-saturated elec-

trolyte (Figure S9). For comparison, the electrocatalytic actives of N-Mo2C@Nafion, 20 wt% Pt/C@Nafion,

and 20 wt% Pt/C@NCs were also investigated as benchmarks under the same conditions, as displayed

in Figure 2B. As expected, 20 wt% Pt/C@NCs behaved the best performance for HER among our cata-

lysts, which only required an overpotential of 28 mV to reach a current density of 10 mA cm�2, which was

lower than that of 20 wt% Pt/C@Nafion catalyst (44 mV). Moreover, N-Mo2C@NCs possessed an overpo-

tential (achieved 10 mA cm�2) of 163 mV lower than that of N-Mo2C@Nafion catalyst (180 mV). When at a

current density of 50 mA cm�2 or even higher, both 20 wt% Pt/C@NCs and N-Mo2C@NCs exhibited

significant potential reductions of �38 mV compared with 20 wt% Pt/C@Nafion and N-Mo2C@Nafion,

respectively, indicating the potential of nanocellulose to replace Nafion for bonding powder catalysts.

In addition, Tafel plots derived from Figure 2B indicated that the nanocellulose-bonded powder catalyst

possessed a faster HER kinetics (Figure S10), further revealing the potential of nanocellulose to replace

Nafion. The double-layer capacitance of N-Mo2C@NCs and N-Mo2C@Nafion was measured by cyclic

voltammograms (CVs), which was a pivotal parameter for estimating the electrochemical area at the

solid-liquid interface. The double-layer capacitance of N-Mo2C@CNC (11.16 mF cm�2) was extremely

larger than that of N-Mo2C@Nafion (2.51 mF cm�2), as exhibited in Figures 2C and S11. The larger

electrochemical area was associated with more active sites on the surface of N-Mo2C@NCs at the

solid-liquid interface, which was driven from the double-layer capacitance. The HER kinetics of

N-Mo2C@NCs and N-Mo2C@Nafion at the electrode/electrolyte interface were further investigated in

detail. In Figure 2D, the charge-transfer resistance (Rct) of N-Mo2C@NCs (31.8 U) was much lower than

that of N-Mo2C@Nafion (71.2 U), suggesting the favorable kinetics of N-Mo2C@NCs during the HER

process. Figure 2E showed the representative Nyquist plots of N-Mo2C@NCs at various overpotentials.

It could be seen that, as the overpotential increased, the diameter of the semicircle in the low frequency

region decreased accordingly (60 U at 160 mV to 15 U at 280 mV), indicating a diminishment of Rct. In

addition, to study the durability of N-Mo2C@NCs, long-term stability tests at the constant potentials

(250 and 320 mV) have been operated. As shown in Figure 2F, N-Mo2C@NCs displayed the current

densities of 38 and 75 mA cm�2, which remained stable for 20 h with minimal degradation. Compared

with N-Mo2C@NCs, it could be observed from Figure S12 that N-Mo2C@Nafion exhibited the obvious
iScience 19, 1090–1100, September 27, 2019 1093



attenuation of 15.8% after i-t testing for 20 h. Therefore, the nanocellulose that replaced Nafion as bind-

ing agent was found to enhance not only the HER activity, but also the stability of the electrocatalyst. To

reflect the practicality of film formation, loading on the surface of the substrate (carbon fiber cloth,

abbreviated as CFC) was also achieved, which effectively reduced the amount of catalyst slurry. As man-

ifested in Figures S13 and S14, N-Mo2C@NCs and 20 wt% Pt/C@NCs hybrid components were evenly

distributed on the surface of carbon nanofibers.

In addition, to highlight the performance advantages of nanocellulose in bonding powder catalysts

compared with Nafion as a binder, additional five powder catalysts were further obtained, which were co-

balt nanoparticles encapsulated in nitrogen-doped carbon nanotubes (Co@N-C) obtained via an uncom-

plicated pyrolysis of Co-MOF (ZIF-67) (Yu et al., 2018a, 2018b), nitrogen-doped carbon nanotube-coated

cobalt nanoparticles (Co@NC) by pyrolysis of cobalt salt with dicyandiamide, nitrogen-doped carbon

nanotube-coated nickel nanoparticles (Ni@NC) by pyrolysis of nickel salt with dicyandiamide (Zou et al.,

2014; Zhou et al., 2016a, 2016b), the Co2P nanoparticles embedded into N, P co-doped carbon shells

(Co2P@NPC) derived from cobalt ions-adsorbed saccharomycete cells (Li et al., 2018), MoSe2 nano-

sheet/MoO2 nanobelt/carbon nanotube (MoSe2/MoO2/CNTs) composed of highly conductive CNTs,

and hierarchical MoSe2 nanosheets onMoO2 nanobelts (Yang et al., 2018), respectively. The phase compo-

sition of the as-prepared Co@N-C, Co@NC, Ni@NC, Co2P@NPC, and MoSe2/MoO2/CNTs catalysts could

be confirmed by XRD results in Figure S15, which illustrated the successful preparation of the target

samples. It could be seen from Figure S16 that the nanocellulose-linked catalysts exhibited better HER per-

formance than the corresponding catalysts bonded by Nafion, further embodying the advantages of nano-

cellulose as a binder.

Conversely, flexible nanocellulose-based N-Mo2C electrically conductive films were obtained by simple

suction filtration on the resulted aqueous mixtures with nanocellulose linkages, as shown in Figure 3A. It

is well known that the pure nanocellulose film exhibited network structure owing to the strong hydrogen

bonding among the whiskers (Figure S17) (Nekouei et al., 2018; Liu et al., 2014). The nanocellulose could

bind graphene nanosheets and N-Mo2C nanobelts with hydrogen bonds of hydroxys, contributing to

outstanding flexibility, which indicated that nanocellulose possessed the excellent bonding between cel-

lulose nanowhiskers and N-Mo2C nanobelts. Adding a small amount of graphene nanosheets was favored

to enhance the conductivity. Particularly, nanocellulose played the key role in forming a flexible film. As

shown on the right side of Figure 3B, a photo of an integrated N-Mo2C film was presented, which

possessed high flexibility so that it could be bent by 180� without breaking. Without nanocellulose, the

N-Mo2C/G could not form a film and was easy to powder, as shown in the left photo of Figure 3B. A physical

film of N-Mo2C@NCs was also demonstrated in Figure S18, formed by suction filtration only using N-Mo2C

nanobelts and nanocellulose, from which it could be observed that the effect of flexible film formation is

due to the film-forming properties of nanocellulose, whereas enhanced conductive graphene nanosheets

did not contribute to a film-forming effect. In addition, the obtained N-Mo2C/G@NCs films could be easily

tailored to pieces with appropriate size for practical applications. As shown in Figure 3C, hexagons, rect-

angles, triangles, and ribbon electrodes were rendered through the obtained films being cut, indicating

that the film electrodes possessed unparalleled simplicity and convenience for the actual operation

process.

To disclose a better performance of the N-Mo2C/G@NCs than N-Mo2C/G, the wettability was checked by

measuring the contact angles toward sample surfaces. It could be seen from Figure 3D that the contact

angles with water for N-Mo2C/G and N-Mo2C/G@NCs were measured as 74.20� and 23.40�, respectively,
which meant that N-Mo2C/G@NCs could display a more hydrophilic behavior than N-Mo2C/G. Figure 3E

manifested the Fourier transform infrared (FTIR) spectra of N-Mo2C/G and N-Mo2C/G@NCs. Compared

with N-Mo2C/G, the evident enhancement in the intensity of H-O bond at around 3,313 cm�1 indicated

the formation of more hydroxyl groups on the N-Mo2C/G@NCs surfaces caused by the addition of nano-

cellulose (Du et al., 2019; Hsu et al., 2019). In addition, N-Mo2C/G@NCs showed peaks from 2,915 to

2,848 cm�1, corresponding to the stretching vibrations of C-H (Du et al., 2019; Hsu et al., 2019), which

demonstrated that N-Mo2C/G has been successfully connected by nanocellulose in N-Mo2C/G@NCs.

X-ray photoelectron (XPS) spectra for O 1s of both samples could be deconvoluted to Mo-O or C-O

(532.6 eV), and C=O (530.8 eV) bonds, except that there was a C-OH (531.4 eV) bond in N-Mo2C/

G@NCs (Lee et al., 2018), as shown in Figure 3F. Among them, Mo-O bond attributed to the surface oxida-

tion of N-Mo2C NBs exposed to air (Huang et al., 2016), and C-OH bond owed to the introduction of
1094 iScience 19, 1090–1100, September 27, 2019



Figure 3. Characterization of Structural Properties of N-Mo2C/G@NCs Film

(A) Schematic diagram of forming N-Mo2C/G@NCs film.

(B) Photos of the nanocellulose-free N-Mo2C/G filter membrane with a scraping operation (left) and free-standing flexible

N-Mo2C film (right).

(C) Physical images with N-Mo2C/G@NCs electrodes cut into different shapes.

(D–I) (D) Contact angle measurement, (E) FTIR spectra, and (F) High-resolution XPS spectra for O 1s of N-Mo2C/G and

N-Mo2C/G@NCs. SEM images with (G) cross-sectional view and (H and I) plane view of N-Mo2C/G@NCs.

See also Figures S17–S24.
hydroxyl groups by adding nanocellulose (Figure S19), as well as that C-O and C=O bonds arised from

partial oxidation of carbon in N-Mo2C/G@NCs and functional groups in nanocellulose.

Subsequently, the structure of N-Mo2C/G@NCs was strictly characterized. It could be presented from the

inset of Figure 3G that the N-Mo2C/G@NCs film possessed a thickness of �25.69 mm, which could be

controlled by adding aqueous mixtures (Figure S20). And a wavy layered structure could be clearly

observed from the cross section in Figure 3G, which possessed an open architecture for rapid diffusion

of ion/electron, maximizing the exposure of the active sites of N-Mo2C/G@NCs (Yang et al., 2018). As

for the surface of N-Mo2C/G@NCs film, the N-Mo2C nanobelts and graphene nanosheets were observed

and fully exposed, which provided a large number of catalytic active sites, as shown in Figures 3H and 3I. In

contrast, the pure graphene nanosheets possessed a smooth surface (Figure S21), which limited the

amount of supported electrocatalysts. At last, XRD (Figure S22), Raman (Figure S23), and XPS (Figure S24)

results also confirmed the successful synthesis of N-Mo2C/G@NCs.

The prepared N-Mo2C/G@NCs could be directly used as 3D electrodes for HER. For comparison,

N-Mo2C@Nafion and N-Mo2C/G@Nafion were loaded on CFC to construct 3D electrodes, which were

investigated as electrocatalysts for HER. Conversely, bare CFC as supporter was nearly electrochemically

inert for HER. The N-Mo2C/G@NCs electrode exhibited excellent catalytic activity with an onset poten-

tial of �41 mV versus RHE, as displayed in Figure 4A. To drive a current density of 10 mA cm�2, the
iScience 19, 1090–1100, September 27, 2019 1095



Figure 4. HER Performance of Bare CFC, N-Mo2C@Nafion/CFC, N-Mo2C/G@Nafion/CFC, and N-Mo2C/G@NCs

(A and B) (A) The LSV curves (iR uncorrected) and (B) the corresponding Tafel plots of bare CFC, N-Mo2C@Nafion/CFC, N-Mo2C/G@Nafion/CFC, and

N-Mo2C/G@NCs.

(C and D) (C) Plot of positive and negative current density differences at a given potential (0.15 V versus RHE) against the CV scan rates, and (D)

electrochemical active surface area (ECSA) of bare CFC, N-Mo2C@Nafion/CFC, N-Mo2C/G@Nafion/CFC, and N-Mo2C/G@NCs electrodes.

(E) A plot of current for HER as a function of the geometric area from N-Mo2C/G@NCs film under different overpotentials. The inset of (E) was the photos of

N-Mo2C/G@NCs with different geometric area.

(F) EIS Nyquist plots at �200 mV versus RHE recorded of bare CFC, N-Mo2C@Nafion/CFC, N-Mo2C/G@Nafion/CFC, and N-Mo2C/G@NCs electrodes.

(G) EIS Nyquist plots of N-Mo2C/G@NCs with different overpotentials.

(H) The chronoamperometry curves of the N-Mo2C/G@NCs electrode recorded at the overpotentials of 286, 394, and 492 mV.

(I) The LSV curves of N-Mo2C/G@NCs electrode after i-t testing. The inset of (I) displayed the corresponding SEM image after i-t testing. All tests were

performed in 0.5 M H2SO4 solution.

See also Figures S25–S30.
N-Mo2C/G@NCs electrode required an overpotential of 115 mV, which was much lower than those

of N-Mo2C@Nafion/CFC (178 mV) and N-Mo2C/G@Nafion/CFC (143 mV). The above-mentioned compar-

ison implied that the addition of nanocellulose instead of Nafion was beneficial to improve the HER

performance of the N-Mo2C catalyst. Furthermore, the HER kinetics of different samples were further

evaluated by using the corresponding Tafel plots. As shown in Figure 4B, the Tafel slope of N-Mo2C/

G@NCs catalyst was calculated to be 58.83 mA dec�1, which was much lower than those of bare

CFC (265.63 mA dec�1), N-Mo2C@Nafion/CFC (131.82 mA dec�1), and N-Mo2C/G@Nafion/CFC

(63.27 mA dec�1), revealing the favorable HER kinetics over N-Mo2C/G@NCs. According to three principal

steps (Volmer, Heyrovsky, and Tafel steps) in the mechanism of hydrogen generation in acidic electrolytes

(Huang et al., 2018; Jaramillo et al., 2007), the as-prepared N-Mo2C/G@NCs electrocatalyst might proceed
1096 iScience 19, 1090–1100, September 27, 2019



via a Volmer-Heyrovsky mechanism, where electrochemical desorption was the rate-limiting step (Xue

et al., 2018; Cheng et al., 2017).

The electrochemical surface area (ECSA) of different samples was evaluated, using the electrical double-

layer capacitance tested by CVs. From Figures 4C and S25, the double-layer capacitance value of

N-Mo2C/G@NCs was 26.04 mF cm�2, which was 26.84, 10.37, and 1.87 times larger than those of

bare CFC (0.97 mF cm�2), N-Mo2C@Nafion/CFC (2.51 mF cm�2), and N-Mo2C/G@Nafion/CFC

(13.91 mF cm�2), respectively. It was clearly found that the porous N-Mo2C nanobelts added nanocellulose

and graphene nanosheets could result in a high ECSA, which might be associated with the greatly

enhanced electrocatalytic HER activity (Figure 4D) (Suen et al., 2017). To explore the exposure of the active

sites of the catalysts when using hydroxy nanocellulose instead of Nafion, the turnover frequency (TOF) per

active site was estimated (Zhang et al., 2019), which was calculated and plotted against potential in Fig-

ure S26. What could be observed was that the TOF value of N-Mo2C/G@NCs (e.g., 0.37 s�1@100 mV)

was larger than that of N-Mo2C/G@Nafion (e.g., 0.16 s�1@100 mV) under the same potential, which well

supported the result that nanocellulose used as a binder could be exposedmore to catalytically active sites

than Nafion. In addition, the geometric areas of electrode could also be easily manipulated owing to the

editability of N-Mo2C/G@NCs. It could be observed from Figure 4E that the current increased linearly with

increasing geometric area of N-Mo2C/G@NCs.

To explore the interfacial properties of obtained catalysts, electrochemical impedance spectroscopy (EIS)

measurements at the overpotential of 200 mV were conducted. The Nyquist plots given in Figure 4F re-

vealed that the charge-transfer resistance (Rct) of N-Mo2C/G@NCs (9.5 U) was obviously lower than those

of bare CFC (>1500 U), N-Mo2C@Nafion/CFC (72.9 U), and N-Mo2C/G@Nafion/CFC (17.5 U), thus

achieving the lowest charge-transfer resistance among all the as-synthesized electrocatalysts, which

implied the fastest and most efficient charge transport of N-Mo2C/G@NCs during the electrocatalytic

HER process (Li et al., 2018). Furthermore, the typical Nyquist plots of N-Mo2C/G@NCs electrode at various

overpotentials are displayed in Figure 4G, where the fitting parameters of Rs and CPE were 2.57 and 0.84U,

respectively. It could be seen that the Rct values of N-Mo2C/G@NCs significantly decreased with increasing

overpotentials, from 83.67U at 100 mV to 6.44U at 250 mV, which indicated the fast reaction rate and favor-

able HER kinetics at the electrode/electrolyte interface (Zhou et al., 2016a, 2016b).

In addition to catalytic activity, electrochemical stability was another crucial factor in evaluating the prop-

erties of synthetic materials. The long-term stability of N-Mo2C/G@NCs electrode was performed by

continuous electrolysis at three fixed overpotentials of 286, 394, and 492 mV in 0.5 M H2SO4. Obviously,

the current densities of 100 mA cm�2 for 100 h, 200 mA cm�2 for 77 h, 300 mA cm�2 for 60 h were rather

stable, possessing negligible degradation of 0.92%, 3.69%, and 4.04%, respectively, as demonstrated in

the time-dependent current density curves of Figure 4H. Furthermore, no obvious changes were observed

in the LSV curves after i-t testing investigated by the above-mentioned continuous electrolysis (Figure 4I),

revealing the excellent electrocatalytic stability of the N-Mo2C/G@NCs electrode for HER. At the same

time, the corresponding electrode maintained a complete morphology in the inset of Figures 4I and

S27, indicating its superior structural stability. By comparing XPS survey spectrum after prolonged i-t

testing with the initial survey spectrum in Figure S28, the stability of the chemical elements of N-Mo2C/

G@NCs could be observed. Therefore, the excellent performance of the N-Mo2C/G@NCs electrode could

be attributed to the following. First, nitrogen doping could increase electrocatalytic activity of Mo2C. Sec-

ond, the porous nanobelt structure exposed the N-Mo2C catalyst to more catalytically active sites. Third,

graphite nanosheet enhanced conductivity of N-Mo2C/G@NCs. Fourth, nanocellulose with more hydroxyl

groups increased the hydrophilicity of the electrode. Fifth, film formation could avoid the shedding of

Nafion and powder catalyst, making its performance and structure stable.

In addition, to highlight the universality of this supported film method, we selected the above-mentioned

five powder catalysts for surface filming operations, which were further characterized and tested. After the

film formation of the powder catalysts on the surface of CFC, the corresponding SEM images of the syn-

thesized Co@N-C/G@NCs, Co@NC/G@NCs, Ni@NC/G@NCs, Co2P@NPC/G@NCs, and MoSe2/MoO2/

CNTs/G@NCs were presented in Figure S29. On the one hand, under the film forming using graphene

and nanocellulose, the morphology of the powder catalysts was maintained. On the other hand, the cata-

lysts were uniformly dispersed on the surface of the carbon fiber. Moreover, the detailed electrochemical

data of these flexible electrodes were shown in Figure S30. Therefore, the above-mentioned results
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indicated that the obtained powder catalyst could be efficiently loaded and filmed to form a flexible ma-

terial through cross-linking with the one-dimensional structure of nanocelluloses and two-dimensional

structure of graphene nanosheets.

Conclusion

In conclusion, we have proposed the nanocellulose to replace Nafion for binding powder catalysts and

offered a facile strategy to prepare flexible conductive film electrode with porous N-Mo2C nanobelts,

graphene nanosheets, and nanocellulose. When at a current density of 50 mA cm�2 or even higher, both

20 wt% Pt/C@NCs and N-Mo2C@NCs exhibited significant potential reduction (approximately 38 mV)

compared with 20 wt% Pt/C@Nafion and N-Mo2C@Nafion, respectively, indicating the potential of nano-

cellulose to replace Nafion for bonding powder catalysts. In addition, the flexible editable N-Mo2C/

G@NCs film was fabricated by vacuum filtration, possessing a wavy layered structure, which exhibited a

small onset potential of �41 mV versus RHE, low Tafel slope of 58.83 mA dec�1, and superior long-term

stability (remaining the current densities of 100 mA cm�2 for 100 h, 200 mA cm�2 for 77 h, 300 mA cm�2

for 60 h without negligible degradation of 0.92%, 3.69%, and 4.04%, respectively) toward HER in 0.5 M

H2SO4. It was determined that the present methodology developed paved the way for practical applica-

tions of that the powder catalyst was bonded with nanocellulose to replace Nafion and further formed a

flexible film for energy storage and conversion.

Limitations of the Study

This work proposes the potential that nanocellulose can replace Nafion for binding powder catalysts.

Although the experimental conclusions are further illustrated by different catalysts, the different

catalysts for nanocellulose bonding demonstrate different degrees of improvement of electrocatalytic

activity for HER, which may be limited by the properties of the applied catalysts. In addition, it can

be observed from the work that functional group modification of nanocellulose or other organic

reagents can be performed in subsequent studies to obtain a highly efficient alternative to Nafion-like

binders.

METHODS

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

Supplemental Figures

Figure S1. TEM images of MoO3 nanobelts, related to Figure 1.

Figure S2. XRD pattern of MoO3 nanobelt, related to Figure 1.

As displayed in Figure S2, the typical XRD peaks at around 12.77o, 23.33o, 25.88o,

27.32o, 33.76o, 35.62o, 38.97o, 46.92o, 49.26o, and 58.83o were corresponding to the

(020), (110), (120), (021), (111), (121), (060), (151), (002), and (081) planes of MoO3

(JCPDS No. 76-1003), respectively.
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Figure S3. AFM measurement of typical (A) MoO3 NBs and (B) N-Mo2C NBs. Inset:

Line scans of the height across the corresponding samples, related to Figure 1.

Figure S4. Photo of N-Mo2C aqueous dispersion after standing for 24 h, related to

Figure 2.
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Figure S5. SEM images of N-Mo2C@nafion aqueous dispersion dried on the GC

electrode, related to Figure 2.

Figure S6. SEM images of N-Mo2C@NCs aqueous dispersion dried on the GC

electrode, related to Figure 2.

Figure S7. SEM images of 20 wt% Pt/C@nafion aqueous dispersion dried on the GC

electrode, related to Figure 2.
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Figure S8. SEM images of 20 wt% Pt/C@NCs aqueous dispersion dried on the GC

electrode, related to Figure 2.

Figure S9. The calibration of reference electrode potential recorded by CV curve,

related to Figure 2.
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Figure S10. Tafel plots derived from Figure 2B, related to Figure 2.

Figure S11. Cyclic voltammograms (CVs) curves of (A) N-Mo2C@NCs and (B) N-

Mo2C@nafion with different rates from 40 to 200 mV s−1 in 0.5 M H2SO4 electrolyte,

related to Figure 2.
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Figure S12. The chronoamperometry curve recorded at the overpotential of 250 mV

driven from N-Mo2C@nafion in 0.5 M H2SO4 solution, related to Figure 2.

Figure S13. SEM images of N-Mo2C@NCs loaded on carbon fibers, related to

Figure 2.

Figure S14. SEM images of 20 wt% Pt/C@NCs loaded on carbon fibers, related to
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Figure 2.

Figure S15. XRD patterns of as-prepared (A) Co@N-C, (B) Co@NC, (C) Ni@NC,

(D) Co2P@NPC, and (E) MoSe2/MoO2/CNTs catalysts, related to Figure 2.

Figure S16. Polarization curves (without iR correction) of catalysts bonded with

nafion and nanocellulose, respectively, including (A) Co@N-C, (B) Co@NC, (C)

Ni@NC, (D) Co2P@NPC, and (E) MoSe2/MoO2/CNTs, related to Figure 2.
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Figure S17. SEM images of pure nanocelluloses, related to Figure 3.

Figure S18. A physical film of N-Mo2C@NCs was formed by suction filtration only

using N-Mo2C nanobelts and nanocellulose, related to Figure 3.

Figure S19.Molecular structure of nanocellulose, related to Figure 3.
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Figure S20. SEM images (A-F) with cross-sectional view of N-Mo2C/G@NCs films

with different thicknesses, related to Figure 3.

Figure S21. SEM images of graphene nanosheets, related to Figure 3.
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Figure S22. XRD result of N-Mo2C/G@NCs, related to Figure 3.

It could be seen from Figure S22 that XRD confirmed the prepared flexible films

were composed of Mo2C with characteristic peaks at 34.47o (021), 38.07o (200),

39.53o (121), 52.29o (221), 61.76o (040), 69.77o (321), 74.90o (240), 75.85o (142),

81.42o (400), and 85.12o (242), and the crystalline carbon with characteristic peaks at

about 15o and 30o, which was consistent with the crystalline phase of N-Mo2C powder.

Figure S23. Raman result of N-Mo2C/G@NCs, related to Figure 3.

In Figure S23, the N-Mo2C/G@NCs composite film was further characterized by

Raman spectroscopy, which exhibited two distinct peaks located at around 1343 and

1575 cm−1, attributed to the D-band and G-band of the carbon-based matrix,
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respectively (Lin et al., 2016). And the film was accompanied by an ID/IG value of

1.09, indicating a large amount of disordered carbon existing in the carbon shell

drived from N-doped Mo2C. In addition, it could be observed from Figure S23 was

the presence of Mo2C, which could further support the successful preparation of N-

Mo2C/G@NCs (Xiao et al., 2014).

Figure S24. XPS spectra of (A) survey spectrum, (B) N 1s, (C) C 1s, and (D) Mo 3d

for N-Mo2C/G@NCs, related to Figure 3.

We accordingly studied the composition of N-Mo2C nanobelt with X-ray

photoelectron spectroscopy (XPS) analysis. As shown in Figure S24A, the survey

spectra confirmed the presence of C, N, and Mo elements in N-Mo2C sample. The C

1s, N 1s, and Mo 3d XPS spectra of N-Mo2C were deconvoluted to estimate the

relative contributions of C, N, and Mo species. As illustrated in Figure S24B, the N

1s XPS spectrum peak located at 399.0 eV was attributed to pyridinic-N, whereas the

peak at 396.9 eV was associated with the N-Mo bonding state (Huang et al., 2018;
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Huang et al., 2016). Especially, pyridinic-N exhibited the highest peak in this work

and it has been proven to be beneficial for enhancing the electrocatalytic performance

of water splitting (Lai et al., 2012). The C 1s peak could be deconvoluted into two

peaks centered at 284.8 and 285.4 eV, arising from C-C and C-N, respectively

(Figure S24C) (Li et al., 2018). Peak deconvolution of Mo 3d verified the existence

of Mo2C (Mo2+ 3d5/2 at 228.8 eV and Mo2+ 3d3/2 at 231.8 eV), MoO2 (Mo4+ 3d5/2 at

229.6 eV and Mo4+ 3d3/2 at 233.4 eV), and MoO3 (Mo6+ 3d5/2 at 232.6 eV and Mo6+

3d3/2 at 236.1 eV), as shown in Figure S24D (Wan et al., 2014; Wu et al., 2016). The

presence of a significant amount of superficial oxides was not surprising, which

seemed to be inevitable due to the surface oxidation of N-Mo2C nanobelt exposed to

air (Huang et al., 2016; Jiang et al., 2017).

Figure S25. CVs curves of (A) N-Mo2C/G@NCs, (B) N-Mo2C/G@nafion, (C) N-

Mo2C@nafion, and (D) bare CFC with different rates from 40 to 200 mV s−1 in 0.5 M

H2SO4 electrolyte, related to Figure 4.
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Figure S26. The TOF values plotted against the potential of N-Mo2C/G@NCs and N-

Mo2C/G@nafion, related to Figure 4.

Assuming that all of active sites were entirely accessible to the electrolyte, the TOF

values were calculated and plotted against the potential.

The following formula was used to calculate TOF:

Fn
I

2
TOF 

where F and n are the Faraday constant and the number of active sites, respectively; I

is the current density of LSV curves.

Figure S27. SEM images of N-Mo2C/G@NCs after i-t testing, related to Figure 4.
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Figure S28. XPS survey spectra for N-Mo2C/G@NCs before and after the i-t testing,

related to Figure 4.
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Figure S29. SEM images of (A-C) Co@N-C/G@NCs, (D-F) Co@NC/G@NCs, (G-I)

Ni@NC/G@NCs, (J-L) Co2P@NPC/G@NCs, and (M-O)

MoSe2/MoO2/CNTs/G@NCs loaded on carbon fibers, related to Figure 4.
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Figure S30. Polarization curves without iR correction (A), Tafel plots (B), EIS

Nyquist plots (C) of the synthesized Co@N-C/G@NCs, Co@NC/G@NCs,

Ni@NC/G@NCs, Co2P@NPC/G@NCs, and MoSe2/MoO2/CNTs/G@NCs. The

electrical double-layer capacitance and corresponding CVs curves of (D) Co@N-

C/G@NCs, (E) Co@NC/G@NCs, (F) Ni@NC/G@NCs, (G) Co2P@NPC/G@NCs,

and (H) MoSe2/MoO2/CNTs/G@NCs. Related to Figure 4.
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Transparent Methods

Materials

Mo powder (Mo) and hydrogen peroxide (H2O2, 30% w/w) were provided by

Aladdin. Dicyandiamide (C2H4N4, 99.99%) was obtained from Shanghai Macklin

Biochemical Co., Ltd. Graphene (1 mg mL–1) was offered by Nanjing XFNANO

Materials Tech Co., Ltd. Nanocellulose dispersion (1%) was purchased from Anhui

Sunvo Medicinal Materials Co., Ltd (Hefei, China). And ethanol absolute (EtOH,

CH3CH2OH) was purchased from Guangdong Guanghua Sci-Tech Co., Ltd., China.

Commercial Pt/C (20 wt%) catalyst was kindly supplied by Alfa Aesar. Nafion

solution (~5% in a mixture of lower aliphatic alcohols and water) was purchased from

Sigma-Aldrich Shanghai Co., and sulfuric acid (H2SO4) was obtained from

Sinopharm Chemical Reagent Co. The carbon fiber cloth (CFC) was purchased from

CeTech Co., Ltd., China. Argon (Ar) was obtained from Guangzhou YIGAS Gases

Co., Ltd., China. Deionized (D.I.) water was supplied with a Barnstead Nanopure

Water System (18.2 MΩ·cm) and used throughout the experiment.

Synthesis of Molybdenum Oxide Nanobelts (MoO3 NBs).

In our experiments, molybdenum oxide nanobelts (MoO3 NBs) as a precursor were

prepared following a reported method (Zheng et al., 2009; Yang et al., 2018). In a

typical procedure, 1.2 g pure Mo powder was slowly added into a beaker, which

contained 10 mL of H2O2 aqueous solution (30 wt%). And then it was stirred

vigorously for 1 h in an ice-water bath. Soon after, a transparent and yellow solution

was formed, containing the water-soluble precursor of MoO2(OH)(OOH) (Zheng et

al., 2009). Furthermore, 62.5 mL of D.I. water was added into the above solution

under magnetic stirring for 6 h, and then a homogeneous aqueous solution was
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formed. Subsequently, the obtained solution was transferred into a Teflon-lined

stainless steel autoclave with a volume of 100 mL, which was hydrothermally treated

at 220 °C for 48 h. After the temperature was lowered to room temperature, the

mixture was centrifuged to obtain an off-white product of MoO3 NBs, Finally, the

MoO3 NBs precursor was washed with D.I. water three times, and then dried at 60 °C

for 12 h in a vacuum oven.

Synthesis of Nitrogen-doped Molybdenum Carbide Nanobelts (N-Mo2C NBs).

200 mg of commercial dicyandiamide powders (C2H4N4) and 100 mg of obtained

MoO3 NBs were mixed in a ceramic boat and then were sealed, which was placed in a

tube furnace with Ar gas to remove air. After that, the mixture was calcined at 450 °C

for 2 h and then 800 °C for 2 h to form nitrogen-doped molybdenum carbide nanobelt

(N-Mo2C NBs).

Preparation of the Composite Film of Nitrogen-doped Molybdenum Carbide

Nanobelts/Graphene Nanosheets Bonded with Nanocelluloses (N-Mo2C/G@NCs

film).

2 mL of nanocellulose dispersion (1%), 1 mL of graphene (1 mg mL–1) and 1 mL of

ethanol absolute were added to a 10 mL glass vials. The weighed 20 mg of

synthesized N-Mo2C NBs powder was transferred to the above glass bottle. The

mixture was then placed in an ultrasonic instrument for 30 min to obtain a

homogeneously mixed solution. Subsequently, the resulting solution was filtrated

dropwise through a filter membrane (pore size of 0.22 μm). Finally, the free-standing

flexible and porous N-Mo2C/G@NCs film could be obtained after drying at room

temperature, peeled off from the filter membrane.

In the similar way, the slurry of N-Mo2C@nafion and N-Mo2C/G@nafion was

obtained. In addition, after undergoing sonication, the mixed solution could be taken
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out and dropped onto the carbon fiber cloth, which was dried at room temperature to

abtain N-Mo2C@nafion loaded on carbon nanofiber cloth (N-Mo2C@nafion/CFC),

which was used as electrode because N-Mo2C@nafion could not form a film by itself.

In the similar manner, N-Mo2C/G@nafion/CFC was also obtained.

Preparation and Film Formation of Other Powder Catalysts

According to the reported literatures, five other powder catalysts were synthesized.

Cobalt nanoparticles encapsulated in nitrogen-doped carbon nanotubes (Co@N-C)

was obtained by a simple pyrolysis of Co-MOF (ZIF-67) (Yu et al., 2018). Nitrogen-

doped carbon nanotube-coated cobalt nanoparticles (Co@NC) and nitrogen-doped

carbon nanotube-coated nickel nanoparticles (Ni@NC) were prepared by pyrolysis of

cobalt salt and nickel salt with dicyandiamide, respectively (Zou et al., 2014; Zhou et

al., 2016). The Co2P nanoparticles embedded into N, P co-doped carbon shells

(Co2P@NPC) was synthesized by high temperature in situ phosphating of

Co2+/saccharomycetes derived from cobalt ions adsorbed saccharomycete cells (Li et

al., 2018). MoSe2 nanosheet/MoO2 nanobelt/carbon nanotube (MoSe2/MoO2/CNTs)

was composed of highly conductive CNTs and hierarchical MoSe2 nanosheets (MoSe2

NSs) on MoO2 nanobelts (MoO2 NBs), respectively (Yang et al., 2018). In this part,

MoO2 NBs was obtained from the thermal reduction of MoO3 NBs and MoSe2 NSs

was obtained from the thermal selenization of MoO2 NBs.

Similarly, as-prepared Co@N-C, Co@NC, Ni@NC, Co2P@NPC, and

MoSe2/MoO2/CNTs, in the form of powders, were also used to prepare Co@N-

C/G@NCs, Co@NC/G@NCs, Ni@NC/G@NCs, Co2P@NPC/G@NCs, and

MoSe2/MoO2/CNTs/G@NCs films supported on CFC using the similar procedure to

the above.
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Characterizations

Phase compositions of the as-made materials were measured by D8 Advance

(Germany Bruker) X-ray diffraction (XRD) patterns using Cu Kα radiation (λ =

0.15406 nm) at a scanning rate of 0.02°/s in the range of 10° < 2θ < 90°. Raman

spectra were got by a LabRAM HR800 spectrometer (Horiba Jobin Yvon, FR.)

equipped with a Diode Pump Solid State Laser (wavelength =532 nm). Morphologies

of the materials were identified by a field emission scanning electron microscopy

(FESEM, MERLIN Compact, Carl Zeiss) and a transmission electron microscopy

(TEM, a JEM-2100F Field Emission Electron Microscope, JPN) at an acceleration

voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurement was carried

out on a PHI X-tool instrument (Ulvac-Phi). Brunauer-Emmet-Teller (BET) specific

surface area and pore size distribution were attained on a Quantachrome Autosorb-IQ2

instrument with nitrogen adsorption at 77 K using the Barrett-Joyner-Halenda (BJH)

method. The thicknesses of MoO3 NBs and N-Mo2C NBs were analyzed by means of

atomic force microscopy (AFM, BRUKER Dimension Icon with ScanAsyst, Santa

Barbara, USA), operated at room temperature and ambient conditions.

Electrochemical Measurements

All the electrochemical measurements were performed with an electrochemical

workstation (CHI 760C, CH Instruments Inc.) in 0.5 M H2SO4 aqueous solution using

a three-electrode configuration. An Ag/AgCl electrode (SCE, saturated KCl) and

carbon rod were used as the reference and counter electrode, respectively. The amount

of nafion and nanocellulose were 50 µL nafion/5 mg N-Mo2C and 500 µL

nanocellulose dispersion (1%)/5 mg N-Mo2C, respectively, when comparing their

properties. In order to compare the properties of nafion bonded and nanocellulose
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bonded catalysts, and to highlight the advantages of film forming components, while

avoiding the effects of non-filming comparative samples during the test (no added

nanocellulose), such as N- Mo2C@nafion and N-Mo2C/G@nafion, electrochemical

tests of non-filming samples were carried out by loading the slurry onto carbon fiber

cloth as working electrodes. Polarization curves were achieved by sweeping the

potential from 0 to −0.5 V vs. RHE at a potential sweep rate of 5 mV s−1. AC

impedance was detected with a frequency range and an amplitude of 10 mV from 0.01

Hz to 100 kHz. The main arc in electrochemical impedance spectroscopy (EIS)

spectra was matched utilising a simplified Randles equivalent circuit, which was

comprised of a resistance (Rs) in series with a parallel arrangement of a charge-

transfer resistance (Rct) and a constant phase element (CPE), and the fitting

parameters were appraised through the Levenberg-Marquardt minimization procedure.

The electrochemical double layer capacitance was probed by Cyclic voltammetry (CV)

at nonfaradaic potentials as another way to reckon the efficient electrochemical active

area of HER. Current-time responses were monitored by chronoamperometric

measurements by three fixed overpotentials of 286 mV for 100 h, 394 mV for 77 h,

and 492 mV for 60 h, respectively. In all electrochemical measurements, the potential

of reference electrode was calibrated with respect to a reversible hydrogen electrode

(RHE), which was performed in a high-purity H2 (99.999%) saturated electrolyte with

a Pt wire as the working electrode and counter electrode. And then cyclic

voltammograms (CVs) were collected at a scan rate of 2 mV s−1, and the average of

the two potentials at which the current crossed zero was taken as the thermodynamic

potential for the hydrogen electrode reactions. Then in 0.5 M H2SO4, it was available

that E(SCE) = E(RHE) + (–0.267 V), as shown in Figure S9.
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