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Microbial electrolytic cell (MEC) is an innovative bioelectrochemical technology for hydrogen
production using various organics and even wastewater. The development of a nonprecious metal
hydrogen catalyst is critical to MECSs. Increasing the stability and activity of such catalyst remains a key
challenge. In this study, Ni/P is prepared by electrodeposition on bare carbon paper. The prepared
electrode material is used as a cathode electrocatalyst in an MEC. Here, we show that the Ni/P cathode
material has excellent hydrogen generation catalytic activity, that is comparable to that of Pt and superior
to that of Ni or bare carbon paper. Particularly, the electrode has the best hydrogen evolution ability
when the Ni?*/PO4% ratio is 50:30 and current density is 154.18 A m2, which is 12% larger than that of
Pt. The cathode hydrogen recovery rate, hydrogen production rate and energy efficiency of the electrode
are 74.54%+0.89%, 0.321+0.012 m3H,m™ d'* and 135.11%+5.36%, respectively, which are superior to
those of Pt. The Ni/P cathode has good long-term stability. Results of this study, indicate that the Ni/P
cathode is an alternative to Pt and have good prospects for MEC hydrogen evolution reaction (HER)
cathode.
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1. INTRODUCTION

Energy is the lifeblood of time. Hydrogen is favoured because of its high calorific value, high
thermal efficiency and environmental friendliness [1-3]. Recently, microorganisms that decompose
waste organic matter to produce hydrogen has been used in biological hydrogen production and to treat
waste. With its unique advantages of low energy consumption, high efficiency and environmental
protection, microbial electrolysis cell (MEC) hydrogen production technology has become the frontier
topic and focus of domestic and foreign research. As the external voltage requirement of MEC for
hydrogen production is extremely low (such as 0.2V), MEC is more energy efficient and
environmentally friendly than conventional electrolytic water [4-5].
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In MEC, the main role of the cathode is to combine electrons and hydrogen ions to produce
hydrogen gas, which is produced and migrated from the anode, which is the most direct location of
hydrogen production [6]. Hydrogen evolution reaction (HER) requires an effective catalyst to reduce
overpotential and subsequently increase the efficiency of the reaction. The common electrode materials
in MEC are stainless steel, carbon material and precious metal platinum [7]. Pt has good catalytic
performance but is difficult and expensive to extract [3, 8-11], Coking wastewater often contains sulfur,
which easily poisons Pt and may cause secondary pollution to the environment, which has violated the
production of hydrogen in the process of MEC energy saving and environmental protection. Thus, the
application Pt in MEC systems is limited. Carbon materials have high hydrogen overpotential and energy
consumption. Therefore, a large number of stable, cheap and efficient non-noble metal cathode catalysts
must be developed vigorously [12]. At present, many catalysts such as molybdenum disulphide [1],
carbides/nitrides [13-14], transition metal [15-17] and stainless steel [18], have been studied. Moreover,
nickel has been a wide concern due to its low overpotential, low cost, easy accessibility and very stability.
In recent studies, nickel and nickel based-alloys have been used as cathode catalysts in MECs.

Yu et al. [19] studied the optimum conditions for electrodepositing NiMo alloy on carbon cloth.
The hydrogen production rate was 2.1m3H, m= d* when the external voltage was 0.6V. Cai et al. [15]
prepared a 3D dual-phase NisP4-NiP2 nanosheet matrix, through which the hydrogen production rate was
increased to 9.78+0.38 mL cm2d, which is 1.5 times faster than that of NF. Popczun et al. [20] studied
the effect of Ni2P nanoparticles on hydrogen evolution in an alkaline solution. When the cathode current
density was 20 mA cm, the overpotential was 205 mV.

In the present study, a novel type of Ni/P coated carbon paper was prepared and used for the
catalysis of hydrogen production in a single-chamber MEC cathode. The preparation conditions of Ni/P
coating were optimised for the enhancement of hydrogen production performance. The Ni/P was used
to replace the Pt in the existing technology. It has similar properties to Pt and has very high hydrogen
production efficiency. Using Ni/P as the cathode of MEC to treat coking wastewater and synthesise
hydrogen transforms waste into treasure and provides new ideas and perspectives for the urgent
treatment of coking wastewater [18, 21-23].

2. MATERIALS AND METHODS

2.1 Preparation of cathodes

The CP electrode was prepared in 4 cm 2 (2 cm x 2 cm). An electrophilic electrode surface was
obtained by initially rinsing the electrode with distilled water and then immersing it in 1 mol L* sulphuric
acid and 1 mol L™ sodium hydroxide for 5 h. Finally, the electrode was repeatedly washed with distilled
water until pH =7, then placed in 120 °C oven for 12 h.

The Ni/P coated carbon paper was prepared by electrodeposition. The electroplating solution
included the following: 50 g L™ NiSO4-6H-0 and 15 g L NiCl,-6H.0 as nickel salt, NaH,PO with a
certain concentration as reductive agent and 33 g L™* HsBOjs as buffer agent. The anode of electroplating
was Pt, the electroplated cathode was carbon paper, the current between the anode and cathode was 0.16
A by DC power supply and the electroplating time was 10 minutes. Then the carbon-based Ni/P cathode
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material was obtained. The amount of phosphorus in the coating can be changed by modulating the
composition of the plating solution.

2.2 MEC construction and operation

The single-chamber MEC was made of Plexiglass (i.e., the total capacity of the cylinder is 100
ml), The 100 ml solution was composed of 20ml of microbial mud, which is collected by the local coking
wastewater plant (Taiyuan, China) and 80ml of a nutrient solution containing 1 g L™ CsHeOs-2H.0,
6.155 g L™ Na;HPO4-12H,0, 5.618 g L™* NaH,P04-2H20, 0.31 g L* NH4CI, 1 g L™ CaCloand 1.2 g L
1 MgSO.. The domesticated carbon felt (2 x 5 x 1 cm?) with biological film was used as the anode, which
was initially inoculated in steadily running double-chamber MFCs [24]. The reference electrode was
Ag/AgCI electrode, and the cathode was asprepared cathode material. The external voltage applied to
the MEC was 0.7V, which was supplied by the switching power supply (HB 17301 SL; Hossoni, Inc.,
China).

2.3 Analytical methods

X-ray diffraction (XRD) tests on all samples were performed with an XRD diffractometer (XRD-
6000) for the characterisition of the crystalline phase of the material. The morphology characteristics,
particle size and particle agglomeration state were studied by scanning electron microscopy (SEM) with
JSM-7001F. Similarly, the energy dispersive X-ray energy spectrum (EDS) was obtained by using a
JSM-7001F electron microscope. The X-ray photoelectron spectroscopy (XPS) was performed on
ESCALAB 250Xi for the analysis of the chemical valence of various ions in the material.

All the electrochemical tests were performed at room temperature on an electrochemical
workstation (CHI660D, Chenhua, China). The single electrode was electrochemically measured in a
three-electrode system with 100 mM phosphate buffer solution (PBS PH=7) as electrolyte. The as-
prepared electrode materials were used as the working electrodes, and the Ag/AgCl electrodes and Pt
were respectively used as the reference electrodes and counting electrodes, respectively. Linear sweep
voltammetry (LSV) tests were conducted by sweeping the potential from 0.5 V to -2 V with a scan rate
of 10 mV s%. The potential sweep of the Tafel curve was from -1.2 V 1O -0.6V at a scan rate of 10 mV
s 1. The amplitude of the electrochemical impedance measurement (EIS) was 10mV, and the frequency
was from 100kHz to 10mHz. The gas collected in the gas bag by drainage collection method was
determined by gas chromatography (Thermo Fisher Scientific, Waltham, MA, USA) to determine the
concentration of Hz, N2, COz2and CHa.

The performance of MECs was evaluated by cathode hydrogen recovery rate (rcat, %), Ho
production rate (Qnz, m®Hz, m2 d?) and energy efficiency relative to electrical input (mw, %). The
calculation method is the same as the reference [7].
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3. RESULTS AND DISCUSSION

3.1 Characterization of Ni/P mixture

C D (1) e

(@) C-Ni
(b) C-Ni-P(50:20)

Intensity / a.u.
e

S 5 |(c) c-Ni-P(50:30)

© S |(d) C-Ni-P(50:40)

= ;\ ) 50 50 70 5 9
,.Z‘ = (200) 2-Theta / degree

‘© | 2 (220)

c ol (

| 1S

c =1 ( (201)

WL/”\MJ\W_*
9 .
2 = : 40

3 4 5 6 7 8 9 10 30 50 60 70 80 90
Energy / keV 2-Theta / degree

Figure 1. SEM photos of Ni (A) and Ni/P (B). EDS analysis of Ni/P electrode(C). XRD patterns of Ni
and Ni/P (D).

Table 1. EDS analysis of element composition of the Ni/P catalyst

Element Weight percentage% Atomic percentage%
Ni 80.82 58.95
P 7.96 11.01
0] 11.22 30.04

The surface morphology of bare Ni and Ni/P was examined with SEM (Fig. 1). Fig. 1A shows
that nickel metal particles formed on the carbon paper substrate, and the particles were similar to
prismatic stones and were closely arranged. When P merged with Ni, the substrate surface was
completely covered by uniform continuous Ni/P coating, and the coating had a nodular structure similar
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to a cauliflower surface (Fig. 1B) [25]. This structure greatly increased the specific surface area of the
material and exposed additional hydrogen evolution sites.

The surface element composition of the prepared catalyst was analyzed by EDS. The Ni/P EDS
spectrum indicated the presence of Ni, P and O (Fig. 1C). The results in Table 1 showed the percentage
of each element. Evidently, the cathode catalyst was successfully synthesised.

The crystalline structure of Ni and Ni/P electrode materials are shown in Fig. 1D. The peak value
of all electrode materials was approximately 54.54°, which was attributed to the graphite (004) surface
of carbon support. The diffraction peaks were observed at 44.50°, 51.85° and 76.38° and assigned to the
(111), (200) and (220) peaks of Ni, respectively (JCPDS File Card No. 87-0712). The Ni/P amorphous
diffraction peak at 44.59° of 2-theta in the presence of phosphorus indicated that the Ni/P electrode
materials had an amorphous structure [26] different from the crystalline structure with excellent physical
and chemical properties. As the proportion of phosphorus increased in the plating solution, the relative
intensity of the peak initially increased first and then decreased at 44.59°. Thus, the crystallinity of the
electrode material initially increased and then decreased. Particularly, when the Ni?*/PO4* ratio was
50:30, the crystallinity was the highest.
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Figure 2. XPS spectra of Ni/P. (A) Survey spectrum; (B) Ni 2p; (C) P 2p; (D) O1s
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The chemical state and elemental composition of Ni/P electrode materials were studied by the
X-ray photoelectron spectroscopy (XPS). The XPS spectra of Ni/P in Fig. 2A showed the existence of
Ni, P, C and O. In the high-resolution spectrum of Ni 2p in Fig. 2B, the peak centre at 853.8 and 862.9
eV were attributed to the metallic nickel, whereas the peaks at 856.8 and 874.9 eV and its satellite with
Ep = 881.1 eV were from nickel oxide (Ni%*) [21] [27-28]. In Fig. 2C, the peaks located at approximately
129.9 and 133.1 eV corresponded to P° and oxidised P (P>*) [29]. In Fig. 2D, the binding energy of O1s
positioned at 531.7 eV was attributed to the oxygen bonded to Ni in the mixture oxide [30].

3.2 Electrochemical performance test
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Figure 3. LSV curves of different cathodes over a potential range of 0.5 to -2 V at a scan rate of 1 mV
s in practical MEC reactors.

The electrocatalytic activity of the electrode materials in neutral (PBS) electrolytes was studied
by linear sweep voltammetry (LSV) from 0.5 V to -2 V (vs. Ag/AgCIl). Fig. 3 shows that the bare CP
electrode had minimum current response within the scanning range, indicating that bare CP has the
minimum catalytic capacity for HER. The current densities of Pt, Ni and bare CP were 137.98, 90.88
and 75.99 A m2, respectively, at the potential of -1.5 V. The current response of the Ni/P electrode was
greater than that of bare CP and or Ni, indicating that the Ni/P composite had the ability to generate
hydrogen, but the catalytic ability of the composite was different with a different raw plating solution
ratio. After the reduction of the Ni?*/PO.* ratio in the catalyst, the hydrogenation catalytic capacity of
the catalyst initially increased and then decreased. The current density was 154.18 A m™ when the
Ni#*/PO4* ratio was 50:30, which was 12% larger than Pt, showing that Ni/P has good hydrogen
production performance.

For HER, the combination of hydrogen atoms in the adsorption state into hydrogen molecules in
the electrode material with low hydrogen overpotential (such as Ni) is the control step of the entire HER.
When metal Ni was added to P, which is more electronegative, the electron of Ni was attracted to its
own orbital and formed an M-P bond. The number of the 2d unpaired electrons of Ni was reduced, and
thus the strength of the M-H bond weakened. Consequently, the desorption rate of the adsorbed hydrogen
atom and the electrocatalytic activity of Ni/P alloy were enhanced [15].
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Figure 4. Electrode process kinetics analysis. (A) Potentiodynamic polarisation curves were obtained by
sweeping the potential from -1.2 V to 0.6 V at a scan rate of 10 mV s™! of cathodes. (B) The
linear fit for the Tafel plots.

Furthermore, Tafel polarisation curves were used in the evaluation of the catalytic kinetics and
hydrogen evolution mechanism of the prepared electrode [33]. The hydrogenation rate increased when
the slope of the catalyst decreased [34].

HsO" + &+ M—MHags + H20 (Stepl)
MHags + H20™ + e —H21+ H20 (Stepll)
2M Hads —2M + HZT (StepIH)

The first step of HER is the Volmer reaction, in which protons were initially adsorbed onto the
active sites on the catalyst surface and then adsorbed onto the electrons to form hydrogen atoms. Then,
the Tafel reaction or the Heyrovsky reaction occurred [35]. The Tafel curve (Fig. 4A) was fitted for the
acquisition of the Tafel slope (Fig. 4B). Fig. 4A shows that the Tafel slope for Ni/P of 42.9 mV dec™
lies from 38 mV dec? to 120 mV dec. Therefore, the Volmer Heyrovsky mechanism of HER was
observed on the surface of Ni/P electrode, in which the adsorbed hydrogen atoms that reacted with the
protons to produce H. was the rate-determining step on the electrode. However, the CP and Pt electrode
showed Tafel slopes of 100.5 and 37.5 mV dec™?, respectively, thereby indicating that the Volmer and
Tafel step is rate determining [36].
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Figure 5. Nyquist plots of bare CP, Ni/P and Pt from 100kHz to 10mHz vs. Ag/AgCl (A). Equivalent
circuit model of different cathode materials (B).

The HER kinetics of Ni/P electrodes were further studied through Electrochemical impedance
measurement (EIS). Fig. 5A shows that the equivalent circuit diagram (Fig. 5B) was obtained by fitting
with Zsimpwin software [37]. The charge transfer resistance (Rct) was obtained from the semi-circular
diameter of the EIS Nyquist diagram, and the charge transfer process on the electrode was evaluated.

The charge transfer performance improved when the value was decreased [38]. The charge
transfer resistance of CP was 17.35 Q by fitting when the ratios of Ni?*/PO4> were 50:20, 50:30 and
50:40, and the charge transfer resistance values were 13.21, 8.69 and 11.44, respectively, which were
far lower than those of CP. When the Ni?*/PO,* ratio was 50:30, the charge transfer resistance was
49.94% smaller than CP, which has better electrocatalytic properties for HER.

3.3 hydrogen production performance of different cathodes
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Figure 6. Current generation of different cathodes electrodes in the MECs (A), the MEC gas

composition per cycle (B) and relationship between current density of Ni/P electrode and time(C)

Subsequently, the hydrogen production performance test was carried out. The cathode material
used Pt to stabilise the MEC reactor for two months, converting the cathode to Ni, Ni/P and CP. Three
tests were performed for each cathode cycle, at 12 hours per cycle, and the data were recorded every half
hour. Fig. 6A shows the results of one test. The hydrogen production current of all electrode materials
initially increased as the nutrient was exhausted, then the current decreased. The average hydrogen
production currents of Ni, Pt and CP were 15.06, 17.97 and 12.48A m™, respectively. All Ni/P cathodes
with different phosphorus content had higher current density than Ni, Pt and CP. The Ni?*/PO,* ratio
was 50:30, and the current density was 23.05 A m, which was 84.69% larger than CP and 28.26%
larger than Pt. The higher current density suggested that more electrons can be transferred to the cathode
to produce hydrogen. Therefore, the electrodeposition of Ni/P catalyst on carbon paper increased the
catalytic activity to HER.

The gas generated by each cathode MEC in each cycle was collected by the drainage method,
and its composition was measured by gas chromatograph, as shown in Fig.6B. The gas produced by the
CP was the least, only 6.8+0.7 mL, in which Hz, CH4 and CO2 accounted for 60.7%z0.8%, 21.2%0.6%
and 18.1%=+0.1%, respectively. The MEC of the Ni/P cathode had a higher hydrogen production rate
than the Ni (62.3%) and Pt (73.6%), which was consistent with the LSV test result. Particularly, when
the Ni2*/PO4* ratio was 50:30, MEC had the highest rate of hydrogen production, and the Ni/P of cathode
gas composition included Hz (79.9+0.7%), CH4 (14.7+0.4%) and CO: (5.4+0.3%). The methane
production from other cathodes was much higher, at approximately 21.2%+0.5% CP, 19.2%=0.8% Ni,
and 20.5%0.6% Pt. After adding phosphorus to Ni, the increase in hydrogen production rate and
hydrogen recovery rate inhibited the formation of methane, and the percentage of methane produced in
the gas decreased from 19.2% to 14.1%, far less than those of Pt and CP (28.2% less than Pt and 30.5%
less than CP), resulting in a stable and efficient rate of hydrogen production. Literature studies have
shown that the production of methane reduces the purity of hydrogen [39-40]. Therefore, the
electrodeposition of Ni/P on CP is superior to bare CP and Ni.
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Subsequently, an electrode material with a Ni?*/PO,* ratio of 50:30 was continuously reacted
with MEC for ten cycles. The current density increased rapidly and then tended to be stable. As the
nutrient decreased, the current density decreased as well. Fig. 6C shows that the stable current density
of Ni/P is 22.86 A m, and the Ni/P electrode has good stability after ten cycles of operation.

Table 2. Energy efficiencies and hydrogen production rates in the MEC with different cathodes

Cathode cat (%) Qrz(m®Hy m3d?) nw (%)
CP 58.04+1.12 0.125+0.004 12.27+3.17
C-Ni-P(50 : 30) 74.54+0.89 0.321+0.012 135.1145.36
Pt 63.86+3.32 0.213+0.009 122.79+5.09

The cathode hydrogen recovery rate (rcat), hydrogen production rate (Qwn.) and energy efficiency
(mw) relative to the electrical input of the three cathode MECs were calculated (Table 2). These results
showed that the rca, Qrz and nw of the Ni/P cathode were higher than the Pt. Thus, the catalytic hydrogen
production capacity of Ni/P is better than that of Pt and, more importantly, is low cost.

4. CONCLUSION

We report a low-cost and advanced catalyst for Ni/P composite prepared by electrodeposition on
bare CP. An amorphous Ni/P composite with uniform density and cauliflower shape was prepared by
the electroplating method. The results showed that the electrochemical performance and hydrogen
production performance of Ni/P is better than Ni, Pt and CP. Particularly, when the Ni?*/PO4* ratio is
50:30, the electrochemical performance and hydrogen production performance are optimal. Adding an
appropriate amount of phosphorus can accelerate the kinetics and ultimately improve the hydrogen
evolution performance. Thus, the Ni/P catalyst with low cost and high electrocatalytic performance may
serve as a promising cathode catalyst for MECs.
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