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Abstract 12 

Developing low-cost and efficient electrodes for hydrogen evolution reaction 13 

(HER) under neutral electrolytes remains an unattained milestone. We report a highly 14 

performing binder-free electrode through electroless deposition of Ni-P nanoparticles 15 

on bacterial cellulose (BC). Not needing carbonization to provide the electric 16 

conductivity, BC can maintain its excellent mechanical properties and thin fiber 17 

microstructure. The nanometric cellulose fibers facilitate the formation of small Ni-P 18 

nanoparticles, leading to more catalytic active sites. The obtained Ni-P/BC electrode 19 

presents remarkable HER activity with an overpotential of only 161 mV at 10 mA 20 

cm
-2 

and a low Tafel slope (141 mV dec
-1

) in 1 M potassium phosphate-buffered 21 

saline (pH=7) electrolyte. Besides, Ni-P/BC also exhibits good stability for 24 h at 10 22 

mailto:dino.t@csic.es


mA cm
−2

.
 
This binder-free, low-cost, and easily fabricated electrode holds excellent 23 

promise for HER applications in benign neutral environments. 24 

Keywords: Nickel-phosphorous alloy, bacterial cellulose, binder-free electrode, 25 

hydrogen evolution reaction, neutral solution  26 

 27 

1. Introduction 28 

The consumption of fossil fuels and the climate changes urge the constant 29 

development of renewable energy solutions [1, 2]. Among technologies used for 30 

renewable energy production, electrochemical hydrogen evolution reaction (HER) to 31 

obtain hydrogen sustainably has drawn remarkable attention due to the high efficiency 32 

of producing H2, according to reactions (2H
+
 + 2e

−
→H2 or 2H2O + 2e

−
→H2+ 2OH

−
 33 

depending on the pH) [3, 4]. However, the slow kinetics degrades the performance of 34 

HER [5, 6], requiring an appropriate catalyst. It is known that platinum-based 35 

catalysts exhibit the most effective HER activity [7], while the high cost and low 36 

abundance of Pt hinder its widespread application [8, 9]. To date, advances have been 37 

made in developing a series of non-precious metal-based catalysts [10-12]. 38 

Additionally, HER is mainly carried out in either acidic or alkaline electrolytes [13], 39 

inevitably contributing to cell component corrosion issues and environmental hazards 40 

that hamper large-scale applications. Currently, only rare or noble metals present 41 

remarkable HER performance in neutral electrolytes, where large ohmic loss and slow 42 

kinetics are typical [14]. In fact, HER in neutral solutions usually demands much 43 

larger overpotentials to reach a similar current as in acid or alkaline conditions [15]. 44 



Consequently, exploring low-cost catalysts with improved HER activity in neutral 45 

solutions is highly desired but challenging.  46 

Bacterial cellulose (BC), produced from microbial fermentation, has emerged as 47 

a promising bio-based material in energy conversion and storage thanks to its 48 

relatively low cost, eco-friendliness and 3D porous structure [16, 17]. BC has been 49 

reported to prepare HER catalysts. On account of the insulating character of BC, BC 50 

is usually carbonized to improve the electrode’s conductivity [18-22]. Nevertheless, 51 

carbonized BC often loses the original excellent mechanical properties of BC and 52 

becomes fragile [23]. Hence, catalysts based on carbonized BC are usually 53 

immobilized on conductive substrates with the help of binders, impacting negatively 54 

on the electrochemically active sites [24]. Therefore, it is challenging to develop 55 

pristine BC-based electrodes with high HER performance. 56 

Given these considerations, here we report a facile and low-cost method to 57 

fabricate a freestanding electrode by in situ growing Ni-P on BC by electroless 58 

deposition (ELD) for HER [25]. Considering the high conductivity and the high HER 59 

activity of nickel-phosphorous (Ni-P) alloys [26, 27], pristine BC with remarkable 60 

mechanical properties was integrated with Ni-P by ELD. The prepared Ni-P/BC 61 

possesses the properties of Ni-P and BC at the same time. As a consequence, Ni-P/BC 62 

can be employed as a HER electrode directly. In addition, the method to fabricate in 63 

situ Ni-P on BC removes any need for binders. In this case, BC not only acts as a 64 

substrate for the growth of Ni-P particles but also the thin cellulose fibers (20-100 nm) 65 

of BC are beneficial to form small nanoparticles [28], resulting in a large number of 66 



electrocatalytic active sites. This simple strategy based on non-carbonized, pristine 67 

BC to obtain small nanoparticles is more effective than traditional ways using 68 

end-capping reagents or expensive organic precursors [29-31]. In comparison, 69 

microfibrillated substrates (such as filter paper or glass fiber paper) can generate 70 

larger Ni-P particles. Moreover, Ni-P/BC exhibits superior HER performance with a 71 

remarkably small overpotential of 161 mV at 10 mA cm
-2

 and a low Tafel slope (141 72 

mV dec
-1

) in a neutral solution. Besides, Ni-P/BC demonstrates stronger stability than 73 

commercial Pt/C. The mild experimental conditions, the straightforward fabrication 74 

and the excellent HER performance make Ni-P/BC electrode a strong candidate for 75 

practical applications. 76 

 77 

2. Materials and methods 78 

2.1 Materials 79 

Food-grade bacterial cellulose (Q-Phil Products International) was bought from an 80 

Asian food store. Nickel sulfate hexahydrate (NiSO4∙6H2O, 98 %), Sodium citrate 81 

dihydrate (Na3C6H5O7·2H2O, 99 %), dimethylamine-borane (DMAB, 97 %) and 82 

palladium dichloride (PdCl2, 99.9 %) were purchased from Alfa Aesar. Ammonium 83 

chloride (NH4Cl, 99.5 %), sodium borohydride (NaBH4, 99 %), cobalt (II) sulfate 84 

heptahydrate (CoSO4∙5H2O, 99 %) and Nafion 117 containing solution (5 %) were 85 

bought from Sigma. Tin chloride dihydrate (SnCl2∙2H2O, > 99%), dipotassium 86 

hydrogenphosphate (K2HPO4, ≥ 99 %), potassium dihydrogen phosphate (KH2PO4, ≥ 87 

99.5%) and face mask (FPP2) were supplied from Labkem. Ethanol (99 %) was 88 



purchased from Panreac. Hydrogen chloride (HCl, 37 %) was bought from Scharlab. 89 

Ammonia solution (NH3, 30 %) was purchased from Panreac. Sodium hypophosphite 90 

monohydrate (NaH2PO2∙H2O) was bought from Acros Organics. Pt/C (20 %) and 91 

carbon paper (Freudenberg H2315, 210 μm thick) were obtained from QuinTech.  92 

2.2 Electrodes Preparation  93 

Commercial BC was washed with MilliQ water to remove the absorbed syrup. After 94 

that, it was autoclaved and treated with ethanol as described previously [32]. Briefly, 95 

the purified BC was squeezed under ~150 g Teflon cylinder for 10 min to remove 96 

most water and the pressed BC was placed in ethanol and kept stirring for 2 h at room 97 

temperature. Then the ethanol-treated BC was dried in an oven (60 °C, 24 h). Dried 98 

BC was sensitized by immersing in an Sn
2+

 solution (0.05 M SnCl2, 0.12 M HCl) for 99 

30 min to absorb Sn
2+ 

ions on the surface and washed in Milli-Q water 3 times. Next, 100 

BC was soaked in a Pd
2+

 solution (100 μg mL
−1

 PdCl2, 0.03 M HCl) for 30 min and 101 

again rinsed in Milli-Q water 3 times. The reaction between Sn
2+

 and Pd
2+

 generates 102 

Pd particles that will catalyze the Ni deposition [33]. Finally, a 20 mL electroless 103 

deposition (ELD) solution (2 mmol NiSO4∙6H2O, 2 mmol Na3C6H5O7·2H2O, 2 mmol 104 

NaH2PO2 and 14 mmol NH4Cl) was adjusted by ammonia solution to a pH of 8 and 105 

heated to 60 °C. The BC was dipped in the bath and kept for 10 min and after that, 106 

washed in Milli-Q water and ethanol 3 times. The washed BC was dried in Argon (Ar) 107 

atmosphere. The electrode was labeled as Ni-P/BC. 108 

NaBH4 and DMAB were also used as alternative Ni reducing agents. Due to the 109 

strong reducing ability of NaBH4, 5 mL fresh NaBH4 solution was added dropwise to 110 



the ELD solution. DMAB was instead used in the same manner as NaH2PO2. The 111 

electrodes derived from NaBH4 and DMAB were respectively labeled as Ni-B-1/BC 112 

and Ni-B-2/BC. 113 

Filter paper (FP) and glass fiber paper (GFP) were also used as substrates to 114 

prepare Ni-P using the same method as with BC. The obtained electrodes were labeled 115 

as Ni-P/FP and Ni-P/GFP.  116 

A series of Ni-Co-P/BC electrodes were also synthesized by changing the molar 117 

ratios of Ni
2+

 and Co
2+

 (Ni/Co=8/2; 5/5; 2/8) in the electroless plating solution. The 118 

corresponding electrodes are separately denoted as Ni-Co-P-1/BC, Ni-Co-P-2/BC and 119 

Ni-Co-P-3/BC. Co-P/BC was obtained with 2 mmol CoSO4∙5H2O in the same way as 120 

Ni-P/BC.  121 

For comparisons, a Pt/C electrode was prepared by dispersing 5 mg Pt/C (20 122 

wt %) in the mixture made of 30 μL Nafion solution + 970 μL ethanol [34]. Then the 123 

dispersion was treated by ultrasound for 1 min to form an ink that was dropped on 124 

carbon paper to obtain a loading of 5.0 mg cm
-2

.  125 

2.3 Characterization 126 

Scanning Electron Microscopy (SEM) images to investigate the surface morphology 127 

and the size of samples were recorded by FEI Quanta 200 FEG-ESEM equipment 128 

operating at 10 kV. SEM samples were attached to an aluminum holder by adhesive 129 

carbon tape. Images were analyzed with ImageJ [35] to estimate fiber and particle 130 

diameters. Transmission electron microscopy (TEM) images were performed to 131 

observe the morphology and the size of samples using JEOL JEM1210 TEM at 120 132 



kV. Tiny amounts of Ni-P or Ni-B were detached from BC in ethanol by ultrasonic 133 

treatment for 1 min. The dispersions were sonicated again for about 30 s and then 134 

dropped on carbon-coated copper grids for TEM measurement. X-ray diffraction 135 

(XRD) patterns were carried out to confirm the crystal phase of samples on a Siemens 136 

D-5000 equipment with Cu Kα radiation. X-ray Photoelectron Spectroscopy (XPS) 137 

measurements to determine the chemical state of samples were performed on a 138 

SPECS EA10P hemispherical analyzer with a monochromatic Al Kα source. 139 

2.4 Electrochemical measurements  140 

The electrochemical measurements were carried out in a three-electrode cell by a 141 

Bio-logic VMP3 multichannel potentiostat. Graphite rod, Ag/AgCl electrode and 142 

prepared electrodes (1x1 cm) were respectively used as the counter electrode, the 143 

reference electrode and the working electrode. The potentials (V vs Ag/AgCl) 144 

measured in this work were converted to the potentials of reversible hydrogen 145 

electrode (RHE) according to the following equation ERHE=EAg/AgCl+0.197+0.059pH 146 

[36]. All electrochemical measurements were performed in N2 saturated 1 M 147 

potassium phosphate-buffered saline (PBS, pH=7) electrolyte. Polarization curves and 148 

Tafel plots were elaborated from linear sweep voltammetry (LSV) conducted with a 149 

scan rate of 10 mV s
−1

. All LSV curves were corrected for iR drop. Electrochemical 150 

impedance spectroscopy (EIS) measurements were tested in the frequency range from 151 

100 kHz to 0.01 Hz with 5 mV amplitude. The double-layer capacitance (Cdl) was 152 

measured by cyclic voltammetry (CV) at different scan rates (20-100 mV s
-1

).  153 

 154 



3. Results and discussion 155 

 156 

Figure 1. Schematic illustration of the synthesis routine of Ni-P/BC. 157 

Figure 1 schematically illustrates the preparation of Ni-P on BC by ELD. The starting 158 

cellulose after purification is soaked in alcohol before drying. As shown previously 159 

[35] this treatment allows retaining a large porosity after drying in contrast to direct 160 

drying from water. Alcohol-dried cellulose is then soaked again in the three 161 

subsequent baths necessary for the ELD process: sensitization with SnCl2, activation 162 

with PdCl2, and finally the Ni-P deposition itself using NaH2PO2, NaBH4 or DMAB 163 

as Ni reducing agent. All three reducing agents produce spherical particles on BC 164 

surface (Figure 2a-c and Figure S1a-c). It can be seen that the particle size of Ni-B-2 165 

(0.1-1 µm) is much larger than for Ni-B-1 (0.05-0.2 µm) and Ni-P (0.1-0.2 µm). 166 

Instead, the Ni mass loading using NaBH4 is much lower (0.8 mg cm
-2

) than the ones 167 

with NaH2PO2 (5.0 mg cm
-2

) or DMAB (6.0 mg cm
-2

). Probably because NaBH4 is a 168 

stronger reducing agent and the Ni deposition took place preferentially in the solution 169 

rather than on the substrate [37]. In this case, the plating solution turned dark quickly 170 

contrasting with the other reducing agents where this happened only towards the end 171 

of the deposition time. The rings of selected area electron diffraction (SAED) patterns 172 

for Ni-B-1 are more diffuse than Ni-B-2 and Ni-P, confirming the weaker crystallinity 173 

of Ni-B-1. Energy-dispersive X-ray spectroscopy (EDS) confirms the presence of Ni, 174 



P or B elements (Figure S2). In addition, EDS mapping of Ni-P/BC further confirms 175 

that the Ni and P elements are uniformly distributed (Figure 2d).  176 

 177 

Figure 2. SEM images of (a) Ni-B-1/BC, (b) Ni-B-2/BC, (c) Ni-P/BC. (d) EDS mapping images of Ni-P/BC. 178 

The phases and the crystal structures of these samples were evaluated by X-ray 179 

diffraction (XRD). The diffraction peaks of bare BC centered at 14.5 ° and 22.5 ° 180 

belong to the (100) and (110) lattice planes of cellulose (Figure 3a) [38]. For 181 

Ni-B-1/BC, only the cellulose peaks are observed, consistent with the low mass of 182 

Ni-B-1 on BC and the indication that electroless deposition barely occurred on the BC. 183 

In contrast, Ni-P/BC and Ni-B-2/BC present a diffraction peak at 2Ɵ=45
o
, which can 184 

be assigned to the (111) plane of the Ni face-centered cubic structure (JCPDS 185 

01-1260). Previous reports indicated that highly crystalline Ni tends to form when the 186 

content of B or P is low [39, 40].  187 



  188 

Figure 3. XRD patterns of samples and positions of Ni metal reference (a). XPS spectra and fitting of Ni 2p (b). B 189 

1s (c), and P 2p core levels (d). 190 

The results of X-ray photoelectron spectroscopy (XPS) spectra confirm the 191 

presence of Ni, B or P elements on the surface of Ni-based BCs, in agreement with 192 

EDS results. The binding energies of Ni 2p spectra for all samples, at 870 eV and 853 193 

eV, can be attributed to the 2p1/2 and 2p3/2 peaks of metallic Ni (Figure 3b and Table 194 

S1) [41, 42]. The peaks at 874 eV and 856 eV correspond to Ni
2+

, which can be 195 

assigned to an oxidized state of Ni because of the air exposure [43]. The other two 196 

peaks at 861 eV and 880 eV are satellite signals [44]. For Ni-B-1 and Ni-B-2, the 197 

deconvolution of B 1s spectrum exhibits two peaks at 188 eV and 192 eV (Figure 3c 198 

and Table S2), associated with zero valence B and oxidized B corresponding to 199 



surface B2O3 [45]. Compared with pure B (187.1 eV) [46], the binding energies of B 200 

change positively (Ni-B-1: 188.5 eV; Ni-B-2: 188.4 eV). This suggests some partial 201 

electron transfer from B
0 
to Ni

0
 clusters with consequent dipole formation. This agrees 202 

with literature showing that B tends to donate electrons to the metal atoms. [47, 48]. It 203 

is worthy to note that compared with pure Ni (2p3/2: 853.0 eV) [49], there is instead 204 

no significant shift of the Ni spectrum in the Ni-B/BC, probably because the atomic 205 

weight of Ni is several times larger than that of B [50]. The P 2p spectra for Ni-P/BC 206 

could be deconvoluted into 3 peaks (Figure 3d). The two signals located at 130.4 eV 207 

and 129.9 eV can be ascribed to P 2p1/2 and 2p3/2 [51]. In comparison with pure P 208 

(2p3/2:130.2 eV), the binding energy of the P spectrum in this case shifts negatively, 209 

indicating that there is partial electron transfer from Ni to P [52]. The negatively 210 

charged P is beneficial to accept positively charged protons during the electrocatalytic 211 

process [53]. The last signal at about 133.4 eV is attributed to phosphate due to the 212 

atmospheric oxidation [54]. 213 

 214 

Figure 4. (a) HER polarization curves and (b) corresponding Tafel plots of electrodes in 1 M PBS. (c) 215 

Electrochemical impedance spectra of electrodes for different reducing agents at 150 mV overpotential. 216 

The electrochemical performance of these electrodes for HER was evaluated in 1 217 

M PBS (pH=7) by a three-electrode system. Ni-B-1/BC shows a low reducing current 218 



(Figure 4a), demonstrating poor HER performance. Probably it can be attributed to 219 

both the poor electric conductivity of Ni-B-1/BC and the low Ni loading of Ni-B-1. 220 

Ni-P/BC delivers a much lower overpotential (161 mV) than Ni-B-2/BC (269 mV) at 221 

10 mA cm
-2

. There are two main reasons behind it. On one hand, as indicated by XPS 222 

results, B partially transfers electrons to Ni, making the Ni atom in the Ni-B-2/BC 223 

electron-rich compared to the Ni-P/BC. Electron-deficient Ni centers favor the 224 

hydrogen dissociative chemisorption better than electron-rich Ni ones [49]. On the 225 

other hand, the particle size of Ni-P (0.1-0.2 µm) is smaller than Ni-B-2 (0.1-1 µm), 226 

which can then provide a larger active surface area resulting in a larger number of 227 

active sites [55, 56]. HER kinetics of these electrodes were quantified by Tafel plots. 228 

As shown in Figure 4b, Ni-P/BC has a lower Tafel slope than Ni-B-1/BC and 229 

Ni-B-2/BC, revealing faster HER kinetics. Electrochemical impedance spectroscopy 230 

(EIS) is also useful to evaluate the kinetics of these electrodes. The charge-transfer 231 

resistance (Rct) is related to the HER kinetic rate and a lower value implies faster 232 

kinetics [57, 58]. Nyquist plots of electrochemical impedance for the three catalysts 233 

are presented in Figure 4c. The semicircle diameter corresponds to Rct, and clearly, 234 

Ni-P/BC exhibits a smaller Rct than both Ni-B-1/BC and Ni-B-2/BC. This reflects a 235 

smaller charge-transfer resistance or a faster charge-transfer kinetics for Ni-P/BC. In 236 

addition, as shown by the fitted values in Table S3, the onset on the real axis indicates 237 

a larger series resistance for Ni-B-1/BC (23.1 Ω) than Ni-B-2/BC (4.5 Ω) and 238 

Ni-P/BC (4.7 Ω), confirming the poor conductivity of Ni-B-1/BC. Next, the effect of 239 

Ni-P deposition time on the HER performance was also assessed. As the electroless 240 



deposition time extends, the size of Ni-P particles becomes larger (10 min: 0.1-0.2 µm; 241 

20 min: 0.1-0.3 µm; 30 min: 0.2-0.7 µm) and the aggregation of Ni-P becomes more 242 

obvious (Figure S4), leading to higher overpotentials (Figure S5). Nevertheless, even 243 

if the particle size of Ni-P becomes comparable to Ni-B of Ni-B-2/BC, the 244 

overpotential remains smaller, confirming the important role of the P doping of Ni.  245 

To explore the influence of fiber’s diameter on the produced Ni-P, filter paper 246 

(FP) and glass fiber paper (GFP) were used as substrates. As shown in Figure S6, the 247 

fibers of BC (0.06±0.02 µm) are much thinner than those of FP (18.3 ±3.9 µm) and 248 

GFP (0.88±0.38 µm). After ELD (Figure 5a-c and Figure S7), the sizes of Ni-P 249 

particles on FP (0.80±0.12 µm) and GFP (0.55±0.17 µm) are much larger than Ni-P 250 

particles grown BC (0.18 ±0.04 µm). Besides, the aggregation of Ni-P particles is 251 

more critical on FP and GFP. This confirms that the thickness of fibers plays a 252 

significant role in the size of Ni-P particles [59]. Despite different substrates and 253 

particle sizes, XRD and XPS show similar results (Figure S8-9 and Tables S4-5).  254 

 255 



Figure 5. SEM images of (a) Ni-P/BC, (b) Ni-P/GFP and (c) Ni-P/FP. (d) HER polarization curves and (e) 256 

Corresponding Tafel plots of electrodes in 1 M PBS. (f) Capacitive currents at 0.16 V as a function of scan rate for 257 

electrodes. 258 

As shown in the HER polarization curves (Figure 5d), Ni-P/BC presents a lower 259 

overpotential (161 mV) than Ni-P/FP (252 mV) and Ni-P/GFP (201 mV) at 10 mA 260 

cm
−2

, depicting the superior HER activity of Ni-P/BC. The Tafel slopes of Ni-P/FP 261 

and Ni-P/GFP are respectively 230 mV dec
-1

 and 194 mV dec
-1

 (Figure 5e), which 262 

indicates higher activation energy for HER [60]. Conversely Ni-P/BC possesses a 263 

lower Tafel slope (140 mV dec
-1

). EIS also demonstrated faster charge transfer for 264 

Ni-P/BC, as indicated by its smaller semicircular diameter than Ni-P/FP and 265 

Ni-P/GGP in Figure S10. The electrochemical surface area (ECSA) reflects the 266 

number of active sites for electrodes and the value of ECSA is proportional to the 267 

double-layer capacitance (Cdl) [61]. The Cdl values of these electrodes were 268 

investigated by CV at different scan rates (Figure S11 and Figure 5f). It is noticeable 269 

that compared with Ni-P/FP (3.9 mF cm
-2

) and Ni-GFP (6.3 mF cm
-2

), Ni-P/BC shows 270 

a larger Cdl (10.2 mF cm
-2

), implying again more active sites in Ni-P/BC. Therefore, 271 

the remarkable HER activity of Ni-P/BC can be mainly attributed to the small size of 272 

Ni-P particles on BC, increasing substantially the active surface area.[55, 56] It is 273 

worth noting that Ni-P/BC also outperforms many reported non-precious metal HER 274 

electrodes (Table S6-7). As we can note in Table S7, the substrates of electrodes 275 

reported in the literature are conductive (such as glassy carbon, carbon paper, carbon 276 

cloth, F-doped tin oxide and Ni foam), most of which are less economical and 277 

environment-friendly than BC. In addition, ex situ prepared catalysts usually need to 278 



be immobilized on conductive substrates with binders, which can impair the 279 

electrochemically active sites [24]. This makes the fabrication processes of electrodes 280 

more complex and expensive. Therefore, the binder-free Ni-P/BC electrode shows 281 

great advantages over these reported electrodes in terms of HER activity, cost, 282 

environment-friendliness and fabrication process. 283 

Bi-metallic transition metal-phosphorous was also studied by introducing Co into 284 

Ni-P/BC (Figure S12). With the increment of Co incorporation, the particle 285 

aggregation tends to be more obvious and the overpotential becomes larger (Figure 286 

S13).  287 

Finally, commercial Pt/C was also used as a comparison, coating it on carbon 288 

paper, since BC is not a conducting current collector. The overpotential of Ni-P/BC 289 

(161 mV) is indeed still higher than Pt/C (82 mV) at 10 mA cm
−2 

(Figure S14a). 290 

Although Pt/C shows better HER performance than Ni-P/BC, its durability is visibly 291 

poorer (Figure S14b), with a much more limited decrease of potential after 24 h for 292 

Ni-P/BC (~100 mV) than Pt/C (~310 mV). The cause of the dramatic deactivation of 293 

Pt/C is that phosphoric acid anions from PBS in the electrolyte can poison Pt [62]. 294 

Ni-P instead proves more robust in this neutral electrolyte.  295 

 296 

4. Conclusion 297 

In summary, a highly active freestanding and binder-free Ni-P hydrogen evolution 298 

catalyst supported on BC was obtained by electroless deposition. In terms of 299 

mechanical properties, pristine BC presents outstanding performance advantages over 300 



carbonized BC. The deposition of Ni-P enables its use as electrode substrate. In fact, it 301 

provides the required electric conductivity that is conventionally given by carbon 302 

supports or additives. This can simplify the electrode preparation and decrease its cost. 303 

Furthermore, Ni-P itself is a HER catalyst. Thus, in situ growth of Ni-P on BC not 304 

only offers advantages of both Ni-P and BC, but also casts off the reliance on binders. 305 

This novel Ni-P/BC catalyst working with a neutral electrolyte demonstrates superior 306 

HER efficiency with a lower overpotential (161 mV) as compared to using Ni-P on 307 

other substrates such as glass fiber paper (201 mV) or filter paper (252 mV) 308 

highlighting the relevance of the specific nanoarchitecture of BC. Fibers of small 309 

diameter are beneficial to form small-size particles leading to a more extended 310 

catalytic active area. However, the outstanding performance also relies on the 311 

electronic structure of the active sites. This is proven by the increased performance of 312 

Ni-P, where a partial electron transfer from Ni to P occurs, compared with Ni-B, 313 

where the transfer is from B to Ni. In a neutral phosphate buffer, not only Ni-P/BC 314 

outperforms many reported non-precious metal HER electrodes, but it even shows 315 

better stability than Pt/C. Considering the texture and conductivity of Ni-P/BC, our 316 

strategy based on an electroless deposition process can also be promising in other 317 

energy conversion and storage applications, such as water splitting, metal-air batteries 318 

and supercapacitors.  319 
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