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Electrochemical oxidative degradation (EOD) is a particularly promising technique for removing organic
pollutants from wastewater. However, due to the high overpotential of EOD in conventional anode
materials, the energy cost of EOD is usually very high, which greatly promotes the search for highly
active, stable, and energy-efficient anodic catalysts. Herein, we demonstrated that nickel-foam-
supported (NF-supported) B-Ni(OH), (NF/B-Ni(OH),) prepared via a facile hydrothermal method could
be used as an energy efficient anode for EOD. The as-prepared 3D porous NF/B-Ni(OH), exhibited high
activity toward the electrochemical oxidation of methyl orange (MO) in the low potential region (<1.07 V
vs. SCE). This property differs greatly from those of the conventional anode materials that require a high
positive potential to keep them active for EOD, making NF/B-Ni(OH), an energy-efficient and active
anode material for EOD. With an oxidation current density of 0.25 mA cm™2, the decolorization of MO
was completed within 30 min, and the COD removal after 3h of reaction was 63.0%. The normalized
energy consumption for the 3 h degradation of MO was 22.2 kW h (kg COD)™, which is only a fraction
of (or even one tenth of) the values reported in the literature. Moreover, NF/B-Ni(OH), had a good
stability and recyclability for EOD. No activity decay was observed during 10 h of EOD and the COD

removal remained almost unchanged after four consecutive reaction cycles. We demonstrated
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Accepted 11th May 2018 experimentally that the NF/B-Ni(OH), anode could generate large amounts of hydroxyl radicals and that

the oxidation of MO by hydroxyl radicals was the main mechanism during EOD. We believe that this
work opens a new avenue for developing highly active and energy-efficient anode materials that can
work in the low potential region for EOD.
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1. Introduction

There has been increasing public concern regarding environ-
mental contamination problems arising from rapidly devel-
oping industries in the past few decades." The textile and
printing industry is regarded as one of the most polluting
sectors due to its massive discharge of dye wastewater, which is
usually highly coloured, toxic, and hard to degrade. Among
these dyes, azo dyes account for over 70% of commercial
dyestuff,” thereby making them the most important and widely
used synthetic dyes in the printing and dyeing industry. Azo
dyes contain at least one azo group (-N=N-) that is bonded to
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aromatic moieties containing functional groups such as -OH
and-SOz;H.* A variety of physical, chemical, and biological
methods*® have been developed to treat dye wastewater but
most of them have been proven to be ineffective for the removal
of dye compounds. In recent years, advanced oxidation
processes (AOPs) have been proposed as efficient and emerging
alternatives for the treatment of wastewater containing toxic or
refractory organic pollutants.” AOPs include many oxidation
techniques such as Fenton oxidation,® ozonation,” photo-
catalytic oxidation," wet air oxidation," electrochemical
oxidation’> and the combination of two oxidation
processes. 7314

Among these AOPs, electrochemical oxidation degradation
(EOD) has attracted ever increasing interest due to its advan-
tages, such as its high efficiency, ease of manipulation and
lower generation of by-products during the removal of organic
pollutants.'® However, in a typical EOD process, high potentials
are required to maintain the high activity of the anode materials
toward the oxidation of organic pollutants. Under highly posi-
tive potentials, other competing electrochemical oxidation
processes such as the oxygen evolution reaction (OER) are also

This journal is © The Royal Society of Chemistry 2018
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promoted,*® resulting in an unnecessary loss of energy. In order
to suppress the oxidation of water at high potential, great efforts
have been made to develop anode materials that have a high
overpotential for the OER. For example, SnO,- and PbO,-based
materials have been widely adopted as anodes for the EOD of
organic pollutants because both SnO, and PbO, exhibit a very
high overpotential for water oxidation."”>* However, SnO,- and
PbO,-based anode materials are not environmentally sustain-
able due to the following facts: SnO, anodes are often doped
with highly toxic Sb to increase their conductivity and improve
their activity for EOD*', and PbO, anodes may result in the
leaching of highly toxic lead ions into solution under anodic
oxidation conditions."* Boron-doped diamond (BDD), as
another anode material with a high OER overpotential, has
received great attention due to its green chemical composition
and good activity for EOD.'** However, the preparation of BDD
film is economically unfavorable,” and the obtained film
usually cracks and detaches from the conducting substrate after
long-term EOD, making it unfeasible for large-scale and long-
term utilization in practice.”*® Moreover, an intrinsic draw-
back of anode materials with a high OER overpotential is that
they are active only at high potentials, which inevitably leads to
a high energy cost. Therefore, it is highly desirable to develop
new anode materials with high catalytic activity, good stability
and a low energy cost during EOD. Therefore, we aim to develop
a new type of anode that can stably work at a low potential to
achieve a high EOD efficiency with a low energy consumption.
Compared to other transition metals, nickel has a higher
natural abundance and a lower toxicity, which makes it
economically feasible for practical applications in industry.”* As
a typical VIIIB group transition metal, nickel has several valence
electrons, which make it an element with variable valence in
compounds. Although nickel can exist in the +2, +3 and +4
oxidation states, Ni(u) is the stable valence state of nickel
compounds in air and water under most conditions. The high
valence states of nickel (e.g Ni(m) and Ni(iv)) have strong
oxidizing properties, and as a result, Ni(ur) and Ni(iv) have shown
promise as intermediates in a number of nickel-based catalysts
for many oxidation reactions,*®>” especially the oxidation of
organic compounds such as 4-chlorophenol,”*** urea* and
alcohols.**** Accordingly, it is a good strategy to prepare a highly
active nickel-based anode for EOD by growing a condensed film
of an Ni(u) compound on a high-specific-area conducting
support. During the EOD, the Ni(u) compound film will be
activated via electrochemical oxidization to the high valence
states of Ni(ur) and Ni(wv), which are highly active for generating
hydroxyl radicals® or for directly oxidizing organic pollutants®,
and will then be reduced back to Ni(u). Ni foam is an excellent
support due to its 3D porous network, which provides not only
a good conducting substrate but also a large specific area, both
of which favour a high efficiency for EOD.** Among nickel(u)
compounds, Ni(OH), has been demonstrated to be active for the
photodegradation of azo dyes.**** More importantly, Ni(OH),
exhibits good activity and reversibility during electrochemical
oxidation into high valence state Ni compounds such as
NiOOH.** This property suggests that Ni(OH), can act as an
electrocatalyst for the EOD of organic pollutants.
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The purpose of this paper is to develop a nickel-based cata-
lyst to achieve the EOD of azo dyes with low energy consump-
tion. We report the preparation of a nickel-foam-supported -
Ni(OH), (NF/B-Ni(OH),) anode, which exhibited high catalytic
activity toward the EOD of methyl orange (MO) at potentials
lower than the water oxidation potential. We demonstrated that
the NF/B-Ni(OH),) anode not only was highly energy-efficient
during the galvanostatic degradation of MO but also had an
excellent stability and a good recyclability during EOD. We
provide solid experimental evidence that a large amount of
hydroxyl radicals were electrochemically generated by the NF/f-
Ni(OH),) anode during EOD, and that the oxidation of MO by
hydroxyl radicals was the main mechanism in the degradation
of MO. We believe that this work opens a new door to designing
anode materials that are highly active toward the anodic
degradation of organic pollutants with very low energy
consumption.

2. Experimental section
2.1 Materials and chemicals

Ni foams (NFs, 99.99% purity, 1.7 mm thickness, 110 pores per
inch (ppi) pore size) were purchased from Lizhiyuan Materials
Co., Ltd. Methyl orange (MO) and terephthalic acid were
purchased from Sinopharm Chemical Reagent Co., Ltd. and
Shanghai Macklin Biochemical Co., Ltd., respectively. Sodium
sulfate (Na,SO,, A.R.), sodium carbonate (Na,COj; A.R.),
sodium hydroxide (NaOH, A.R.), hydrogen peroxide (H,O,,
30%), ethanol (C,HsOH, A.R.) and acetone (C3HgO, A.R.) were
purchased from Beijing Chemical Reagents Company. All other
chemicals were of analytical grade and used without further
purification. All aqueous solutions were prepared with ultra-
pure water (18 MQ cm).

2.2 Hydrothermal synthesis of B-Ni(OH), on the surface of
nickel foam

The nickel-foam-supported B-Ni(OH), (NF/B-Ni(OH),) was
prepared via an optimized facile one-step hydrothermal
method. In detail, NF (4.0 x 9.0 cm®) was first rolled into
a cylinder and then ultrasonicated successively in acetone,
ethanol and deionized water each for 10 min. After being dried
in air at 60 °C for 4 hours, the NF was introduced into a 50 mL
Teflon-lined stainless-steel autoclave that was filled with 35 mL
H,0, aqueous solution (30 wt% concentration). The autoclave
was then sealed and maintained at 180 °C for 1 hour in order to
grow B-Ni(OH), on the surface of the NF. The obtained NF/B-
Ni(OH), was rinsed with copious deionized water and then
dried in air at 60 °C for 4 hours.

2.3 Electrochemical measurements and electrooxidative
degradation

Linear sweep voltammetry and electrochemical oxidation of MO
were performed on a CHI660C workstation (CH Instrument Co.)
in a three-electrode cell at room temperature. The cylindrical
NF/B-Ni(OH), electrode was employed as the working electrode.
A Pt mesh and a saturated calomel electrode (SCE) were used as

RSC Adv., 2018, 8, 19776-19785 | 19777
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the counter and reference electrodes, respectively. For each
degradation experiment, 50 mL MO solution of 0.2 mmol L™"
was employed as the wastewater sample, with 0.05 mol L'
Na,SO, (pH 7) as the supporting electrolyte. The electro-
chemical oxidation degradation (EOD) was conducted under
galvanostatic conditions at different current densities from 0.05
to 0.50 mA m 2. All the potentials were reported with respect to
the SCE, and the corresponding potentials with respect to
a reversible hydrogen electrode (RHE) were also given according
to the following formula:*”

E (Vvs. RHE) = E (V vs. SCE) + 0.244 + 0.0591pH (1)

2.4 Characterization and analysis method

The morphologies of the NF and NF/B-Ni(OH), were character-
ized using a field emission scanning electron microscope
(FESEM) (Hitachi S-4800) operating at an accelerating voltage of
10 kV. The crystal structures of all the samples were character-
ized using X-ray diffraction (XRD), which was performed on an
X-ray powder diffractometer (Rigaku, rint2000 advance) with Cu
Ko radiation.

Samples of the MO solution were collected at certain time
intervals during EOD to monitor the degradation process. In
detail, the decolorization rate of the MO solution was charac-
terized using UV-vis absorption spectroscopy (UV2600 spectro-
photometer, Tianmei Co., China). The chemical oxygen
demand (COD) of the sample solution was measured using the
dichromate standard method.® The total organic carbon (TOC)
measurements were carried out on a TOC analyzer (TOC-VCPN,
Shimadzu, Japan).

The decolorization efficiency (or percentage of color
removal) was determined using the following expression:*®

ABS, —ABS,) <100 (2)

Decolorization efficiency (%) = ( ABS
0

where ABS, and ABS, are the average absorbance at the
maximum visible wavelength (A,.,) of the wastewater before
and after EOD, respectively.

The current efficiency can then be determined from ACOD
(g dm ) using the equation:’

(ACOD)FV,
811

where F is the Faraday constant (96 487 C mol '), V; is the
solution volume (dm®), I is the applied current (A), 8 is the
oxygen equivalent mass (g eq ') and ¢ is the electrolysis time
(s)-

Energy consumption was estimated according to the
following equation:*

Current efficiency (%) = x 100 (3)

. Ealt
Energy consumption (kW h m?) = =<2 (4)
S
where E. is the average potential difference of the cell (V), ¢ is
the EOD time (h) and Vj is the solution volume (L). As is well
known, energy consumption is proportional to the amount of

organic pollutant in solution. Therefore, to make comparison
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easier between different EOD methods, it is necessary to
normalize the energy consumption. The normalized energy
consumption (NEC) can be expressed as follows when COD
removal (ACOD) is known:*

Ecelll t

NECcop (kW h (kg TOC)’I) ~ 7,(ACOD) G)

The mechanism of the EOD by the NF/B-Ni(OH), electrode
was analyzed using a fluorescence spectrophotometer (Hitachi,
Japan) using terephthalic acid as the hydroxyl radical scavenger.
In detail, terephthalic acid was dissolved in 0.002 mol L™*
NaOH solution to give a final concentration of 5 X
10~* mol L™'. Then Na,SO, was dissolved in the resulting
solution with a concentration of 0.05 mol L™ and the pH of the
solution was adjusted to 7. The NF/B-Ni(OH), electrode was
employed as the working electrode and the galvanostatic
oxidation was carried out at 0.25 mA cm > in 0.05 mol L™*
Na,SO, (pH 7) solution containing 5 x 10~* M terephthalic
acid. During the experiment, the solution sample was taken out
every 5 min to measure the fluorescence emission spectrum
(excitation at 315 nm).

3. Results and discussion
3.1 Microstructure and crystal structure of NF/B-Ni(OH),

Fig. 1 shows the typical SEM images of the pristine NF and the
as-prepared NF/B-Ni(OH),. The pristine NF had a 3D porous
network structure with a pore size ranging from 60 to 300 pm
(Fig. 1a and S1 in the ESIY). The high magnification SEM image
(Fig. 1b) reveals that the surface of the NF was quite smooth.
After the hydrothermal reaction in H,O, solution, the surface of
the NF was coated with a relatively rough film, which was
composed of densely stacked spindle-like B-Ni(OH), nanorods,
as shown in Fig. 1c and d. Statistical analysis of the SEM images
reveals that the spindle-like nanorods had an average length of
280 + 30 nm and a width of 160 + 30 nm (see Fig. S2 in the

20 pm

20 pm

100 nm

Fig. 1 Typical SEM images of the nickel foam (a) and (b), and NF/f-
Ni(OH), (c) and (d).

This journal is © The Royal Society of Chemistry 2018
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ESIY). These spindle-like 8-Ni(OH), nanorods formed a compact
film that had such a strong adhesion to the NF that it was even
difficult to scratch them off the surface of the NF.

The crystal structure of the NF/B-Ni(OH), electrode was
characterized using X-ray diffraction (XRD) and the corre-
sponding XRD pattern is shown in Fig. 2. Along with the strong
peaks representing the Ni foam substrate (JCPDS card no. 04-
0850), the new diffraction peaks located at 19.3°, 33.1° and 38.5°
are indexed to the hexagonal phase of B-Ni(OH), (JCPDS card
no. 14-0117), indicating that the spindle-like nanorods observed
in Fig. 1d are B-Ni(OH), particles. Moreover, no peaks of o-
Ni(OH), can be identified in the XRD pattern, suggesting that
pure B-Ni(OH), film was generated on the surface of the NF
during the hydrothermal synthesis in H,0O, solution. This result
is in good agreement with results reported previously.*

SEM and XRD results confirm the successful growth of B-
Ni(OH), on the surface of the NF. In fact, the 3D porous NF
played three key roles in the preparation of NF/B-Ni(OH), to be
used as an anode material for EOD. (1) It acted as a Ni source for
the in situ hydrothermal growth of B-Ni(OH), on its surface, and
the in situ growth of B-Ni(OH), on the surface of the NF ensured
a strong adhesion and a good electrical contact between the NF
and B-Ni(OH),. (2) It provided a large-surface-area framework
for B-Ni(OH), to grow on, resulting in the formation of a 3D
porous NF/B-Ni(OH), anode that had a large electrode/solution
interface for the EOD of organic pollutants. (3) It provided an
electrically well-connected network system, guaranteeing that
all the B-Ni(OH), grown on the NF surface was electrochemically
active for EOD.

3.2 Electrochemical oxidative degradation of methyl orange

The current density (J) at the applied potential is a key param-
eter for the electrooxidative removal of organic pollutants
because it reflects the catalytic activity of the electrode.
Accordingly, linear sweep voltammetric (LSV) measurements
were carried out to examine the electrochemical activity of the
NF/B-Ni(OH), electrode toward MO oxidation. Fig. 3a shows the
current-potential responses of the NF/B-Ni(OH), electrode in

+Ni > . |EX
o 8-Ni(OH), = H[E
*(001) o(101)
=: *(100)
~
z Lm
5 NF/p-Ni(OH),
= k f
—
NF k‘
| Ni
]
B-Ni(OH)
T I L] I T I T l L] I T l T l T l T
10 15 20 25 30 35 40 45 50 55
20/ degree

Fig. 2 XRD patterns of the nickel foam (NF) and NF/B-Ni(OH),.
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Fig. 3 (a) Linear sweep voltammetric curves of the NF/B-Ni(OH),
electrode in a 0.05 mol L™ Na,SO,4 electrolyte with and without
0.2 mmol L™* MO. Potential sweep rate: 10 mV s~* (b) Chro-
nopotentiometric potential-time curves at different current densities.

the background electrolyte (50 mM Na,SO,) and MO-containing
electrolyte (0.2 mM MO and 50 mM Na,SO,). As can be seen in
Fig. 3a, the NF/B-Ni(OH), electrode showed a very small oxida-
tion J in the blank Na,SO, solution when the applied potential
was lower than 1.0 V vs. SCE, suggesting that the NF/B-Ni(OH),
electrode was not active toward the OER in this potential region.
When the applied potential was over 1.10 V vs. SCE (1.70 V vs.
RHE), a steep increase in J can be observed in the blank solution
as shown in Fig. 3a, indicating that the oxygen evolution reac-
tion (OER) occurred intensively.* To estimate the onset poten-
tial for the OER, the tangent was extended to the lateral axis
from the high potential region,*” and an intercept of ca. 1.07 V
vs. SCE (1.67 V vs. RHE) was obtained, suggesting that signifi-
cant occurrence of the OER started at this potential. In this
work, the potential region smaller than 1.07 Vvs. SCE is referred
to as the low potential region.

Fig. 3a also shows that when MO was present in the solution,
an obvious oxidation J was observed with an onset potential of
ca. 0.50 V vs. SCE. By comparing the LSV curves with and
without MO, it is safe to conclude that the electrochemical
oxidation of MO commenced at 0.50 V vs. SCE. This result
implies that the NF/B-Ni(OH), electrode exhibited a remarkable
catalytic activity toward MO oxidation even in the low potential
region from 0.50 V to 1.07 V vs. SCE. Ideally, during electro-
chemical degradation, the applied potential should remain
below the water oxidation onset potential (1.07 V vs. SCE) to
reduce the competition of the OER and so improve the current
efficiency and energy efficiency.” Fig. 3a clearly shows that the
oxidation current in the low potential region (from 0.50 V to
1.07 V vs. SCE) mainly came from the oxidation of MO because
the OER did not occur significantly in this potential region.
Therefore, it is possible to electrochemically degrade MO on the
NF/B-Ni(OH), anode while avoiding the occurrence of the OER
in the low potential region.

The EOD of organic pollutants is usually carried out at
a constant J° because a constant / means a fixed electrochemical
reaction rate, which is convenient for industrial application.
Fig. 3b shows the potential response with time during the gal-
vanostatic measurements at different J values of 0.05, 0.15, 0.25
and 0.50 mA cm ™ 2. As shown in Fig. 3b, the smaller the applied
value of J is, the lower the stable potential will be. When J is less
than or equal to 0.25 mA cm ™2, the stable potential is lower than
1.07 V, implying that water oxidation does not significantly

RSC Adv., 2018, 8, 19776-19785 | 19779
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occur at these current densities. However, at a J value of 0.50 mA
cm >, the stable potential (ca. 1.10 V) falls into the region in
which the OER starts at the NF/B-Ni(OH), anode. In fact, the
slow but obvious formation and evolution of O, bubbles was
observed during galvanostatic degradation at 0.50 mA cm 2.
Therefore, in this work, we employed three small constant
current densities of 0.05, 0.15 and 0.25 mA cm™? to avoid the
OER and to demonstrate the high electrocatalytic activity of the
NF/B-Ni(OH), anode toward the degradation of MO with very

low energy consumption.

3.3 Electrochemical oxidative degradation of MO at constant
current density

The characteristic absorption peak of MO that is attributed to
the conjugated structure of azo benzene is located at 464 nm in
the UV-vis spectrum.® During the galvanostatic degradation,
the decolorization of MO was monitored using UV-vis spec-
troscopy because the intensity of the absorption peak repre-
sents the concentration of MO. Fig. 4a-c present the evolution
of the UV-vis spectra as a function of time during EOD at

a constant current density of 0.05, 0.15 and 0.25 mA cm 2,

View Article Online
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respectively. The absorption peak of MO decreased with
degradation time at all current densities, and total decoloriza-
tion was achieved within 60 min even at a current density as low
as 0.05 mA cm ™. The decolorization efficiency at any time can
be calculated from eqn (2) using the absorbance at A = 464 nm
in the UV-vis spectra. Fig. 4d shows the variation of the decol-
orization efficiency as a function of degradation time. The
electrochemical decolorization rate depended significantly on
the applied current density /, and a higher value of applied J
resulted in a larger decolorization rate. With a constant J of 0.05
mA cm ?, it took only 30 min to achieve 85% decolorization
efficiency, whereas it took 12 min to reach the same efficiency
with a constant J of 0.15 mA cm™ 2. Surprisingly, it took only
6 min when the applied J was 0.25 mA cm™ . Fig. 4d also
demonstrates that total decolorization could be completed
within 30 min as long as the applied J was higher than 0.15 mA
cm 2. This result reveals that the NF/B-Ni(OH), anode had
a high catalytic activity toward the electrooxidative decoloriza-
tion of MO. It should be pointed out herein that, due to the fast
decolorization at 0.25 mA cm™?, there is little room to further
improve the decolorization rate by increasing the current

(a) (b) —— 0 min
T ——3 min
0.4 ;0.4 —— 6 min
:3 J < —— 9 min
0.3 20.3 ——12 min
g E —— 15 min
% = —— 20 min
£0.2 202 —— 30 min
2 b= < ——— 60 min
0.1 N 0.1
0.0 ' T ' T A— 0.0 ' T ' 1
300 400 500 600 300 400 500 600
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=).4 ——6min | . 80
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Fig. 4 The variation of the UV-vis spectra of the MO solution as a function of time during galvanostatic degradation at the different current
densities of (a) 0.05 mA cm™2, (b) 0.15 mA cm~2 and (c) 0.25 mA cm™2. (d) Dependence of decolorization on time during EOD at different current
densities. The galvanostatic degradation was conducted in a 0.2 mmol L~* MO solution containing 0.05 mol L™ Na,SO,4 at room temperature.

19780 | RSC Adv., 2018, 8, 19776-19785

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03039a

Open Access Article. Published on 30 May 2018. Downloaded on 2/10/2026 1:18:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

density. In fact, as shown in Fig. 4d, when J was increased to
0.50 mA cm ™2, it still took ca. 5 min to achieve a decolorization
efficiency of 85%. Moreover, as shown in Fig. 3, when the
applied J was increased to 0.50 mA cm™ 2, the competing side
reaction (OER) occurred significantly, which inevitably
increased the unnecessary energy consumption. Therefore, in
this work, we employed 0.25 mA cm™? as the highest J for the
following experiments: galvanostatic degradation, recycling
tests, stability measurements, and mechanism analyzing
experiments as well.

Although the decolorization efficiency is one of the key
parameters for evaluating the degradation of dye pollutants, it
cannot be taken as evidence of mineralization because decol-
orization only relates to the cleavage of the conjugated struc-
ture. To further investigate the capability for mineralization, the
COD and TOC levels of the MO solution were monitored and the
results are shown in Fig. 5. Under a certain current density, both
COD and TOC removal continue to increase over time,
demonstrating that the NF/B-Ni(OH), electrode is capable of not
only decolorizing but also mineralizing MO. As the current
density was increased from 0.05 to 0.25 mA cm 2, both COD
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Fig.5 Variation of (a) COD removal and (b) TOC removal as a function
of time during galvanostatic degradation at different current densities.
The galvanostatic degradation was conducted in a 0.2 mmol L~ MO
solution containing 0.05 mol L™ Na,SO, at room temperature.
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and TOC removal in the same time interval increased. After 3 h
of degradation at 0.25 mA cm ™2, 63.0% COD removal and 49.1%
TOC removal were achieved. According to eqn (3), the calculated
current efficiency after 0.5 h and 3 h was 44.9% and 26.4%,
respectively. These values are relatively high for electro-
oxidation degradation, indicating the superior activity of the
NF/B-Ni(OH), electrode. These results illustrate that the NF/p-
Ni(OH), electrode is highly active for the mineralization of MO
even in the low potential region.

3.4 Stability and recyclability of the NF/B-Ni(OH), electrode
for EOD

Long-term durability and recyclability are two crucial parame-
ters that determine the performance of the NF/B-Ni(OH), elec-
trode in practical applications. To examine the stability of the
electrode during the electrocatalytic process, EOD measure-
ments were continuously carried out at 0.25 mA cm™ > for 10 h
and Fig. 6 shows the corresponding potential-time curve. As is
well known, when the activity of an anode decays during gal-
vanostatic oxidation, the stable potential will increase with
reaction time. As shown in Fig. 6, during the entire galvano-
static degradation, the potential was stabilized at ca. 0.93 V vs.
SCE. The SEM images of NF/B-Ni(OH), after EOD are presented
in Fig. 7. Compared with NF/B-Ni(OH), before EOD as shown in
Fig. 1c and d, both low and high magnification SEM images
indicate clearly that after 3 hours of degradation, the
morphology does not change and the spindle-like nanorods
remain intact, indicating that NF/B-Ni(OH), had an excellent
stability for EOD. Fig. 8a shows the COD removal of MO in four
consecutive runs of galvanostatic degradation that were con-
ducted at 0.25 mA cm ? each for 3 h. The potential-time
responses of the four degradation cycles are shown in Fig. 8b.
The COD removal remained nearly unchanged even after four
reaction cycles (Fig. 8a), and the stable potentials of each EOD
cycle were quite similar to each other (Fig. 8b). These results
provide solid evidence that the NF/B-Ni(OH), electrode has
a good recyclability for the EOD of MO.
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Fig. 6 Chronopotentiometric potential-time curve of the NF/B-
Ni(OH), electrode at a current density of 0.25 mA cm™2.
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20 pm f 100 nm

Fig.7 Low (a) and high (b) magnification SEM images of NF/B-Ni(OH),
after electrooxidative degradation.
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Fig. 8 Recyclability of the NF/B-Ni(OH), electrode for the galvano-
static degradation of MO. (a) Percentage of COD removal of MO for
four consecutive degradation cycles. (b) Corresponding potential—
time response for each degradation cycle.

3.5 Energy consumption analysis

Energy consumption is an essential parameter to assess the
viability of an electrochemical method for the degradation of
organic pollutants in the viewpoint of industrial applications.
The energy consumption of EOD can be calculated out on the
basis of eqn (3). In this work, when EOD was conducted at
0.25 mA cm? for 3 h, 63% COD removal were obtained on
the NF/B-Ni(OH), electrode at the expense of an energy

View Article Online
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consumption of only 1.21 kW h m >, To rule out the effect of the
organic pollutant amount on the energy consumption and to
make an easy comparison with the results reported in literature,
we normalized energy consumption by COD removal (NECcop)
according to eqn (4). The values of NECcop, COD and TOC
removal efficiencies obtained on the NF/B-Ni(OH), electrode in
this work and on other anode materials reported in literature
were listed in Table 1 for comparison. By using the NF/p-
Ni(OH), anode, we obtained an NECcop value of 22.2 kW h
(kg COD) ™", which is remarkably smaller than those reported in
literature. The lowest energy consumption per unit mass of
COD or TOC was ascribed to the high electrocatalytic activity of
NF/B-Ni(OH), for MO oxidation at low potential region. It
should be pointed out herein that, at high potential region,
some of the catalysts such as BDD exhibited a higher activity
toward degradation of organic dyes than the NF/B-Ni(OH),
electrode.***> However, considering the low cost and high
energy efficiency, our NF/B-Ni(OH), electrode is still highly
competitive to other electrodes for EOD. In the light of results
above, NF/B-Ni(OH), may become a promising candidate elec-
trode material, whose electrochemical properties make it more
cost effective than BDD and more environmentally friendly than
PbO, and SnO, based electrodes.

3.6 Mechanism of the electrooxidative degradation of MO on
the NF/B-Ni(OH), electrode

The EOD of organic compounds involves the following two
routes: direct oxidation at the electrode surface, and indirect
oxidation in homogeneous solution by hydroxyl radicals ("OH)
that are generated on the electrode."'® To determine which of
the above routes is the main mechanism on the NF/B-Ni(OH),
anode, we added a hydroxyl radical scavenger to capture the
electrochemically generated "OH. In this work, terephthalic acid
was employed as the hydroxyl radical scavenger because it

Table1 Percentage of COD and TOC removal and the normalized energy consumption during EOD of dye solutions using different electrodes

J Electrolysis COD removal TOC removal Energy Cost ECroc

Electrodes Dye (mAcem™?) time (h) (%) (%) (kw hm™) (kW h (kg COD)™") Ref.
NF/B-Ni(OH), = Methyl orange 0.25 3 63.0 49.1 1.21 22.2 This work
Ti O DFWW 8 2 68.8 — 32 248.7 22
PbO, Methyl orange 0.6“ 4 — 60 34.7 — 46
PbO, Basic yellow 2 50 4 95 — 26.13 183 47
BDD Methyl orange 31 2.3 — 60.3 7.66 — 48
BDD Real wastewater 60 15 99 — 300 466 49
BDD Basic yellow 2 50 1.5 95 — 11.33 79.5 47
Nb/BDD Real wastewater 5 5 93 — 30 108 50
Si/BDD Direct black 22 30 — 65 — 115 816 51
Pt Methyl red 60 2.5 — 25 56.4 — 52
Ti/Pt Methylene blue 50 6 75 — 33.6 279 38
Ti/Ruy 5Tip,0, Methyl red 30 2.5 — 100 11 — 53
GAC/ATOT Rhodamine B 60 1 65 — 39 400 54
DSA Real wastewater 75 3 55 — — — 55
Ti-Pt/B-PbO, Real wastewater 75 3 90 — 50 101 55
Ti/RuO,TiO; Red CR 40 15 95 — 127.99 — 56
Ti/IrO,-RuO, Real wastewater 25 2 32.4 — — 48 57

¢ Current (A).
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Fig. 9 (a) Fluorescence spectral changes observed during galvano-

static oxidation at a current density of 0.25 mA cm™2in 0.05 mol L™*
Na»SO, (pH 7) containing 5 x 10~* mol L™ terephthalic acid at room
temperature. (b) The corresponding potential-time curve during gal-
vanostatic oxidation.
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Fig. 10 High resolution Ni 2p spectra of NF/B-Ni(OH), (a) before and
(b) after electrooxidation of a dye.

combines rapidly with "OH to form a highly fluorescent product
(2-hydroxyterephthalic acid).”® Therefore, the electrochemically
generated ‘OH could be directly detected using a fluorescence
technique and the concentration of “OH could be reflected by
the intensity of the fluorescence emission peak of 2-hydrox-
yterephthalic acid at 425 nm.*® Fig. 9a shows the evolution of
the fluorescence emission spectra of the 0.05 mol L' Na,SO,4
solution (pH 7) containing 5 x 10~* mol L' terephthalic acid

This journal is © The Royal Society of Chemistry 2018
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during galvanostatic oxidation at 0.25 mA cm 2. It is clearly
seen that the intensity of the fluorescence emission peak at
425 nm increases with increasing reaction time, which implies
that "OH was continuously produced during the galvanostatic
oxidation. Fig. 9b shows the potential response with time
during galvanostatic oxidation at 0.25 mA cm™ 2. It is clearly
seen from Fig. 9b that the stable potential is only ca. 1.04 V vs.
SCE, which falls into the low potential region (<1.07 V vs. SCE)
discussed in Section 3.2. Fig. 9a and b show solid evidence that,
even in low potential regions (<1.07 V vs. SCE), the NF/-Ni(OH),
anode could generate a large amount of hydroxyl radicals,
which could diffuse into the bulk of the solution and be
captured by terephthalic acid. We believe that this is the origin
of why the NF/B-Ni(OH), anode exhibits high activity toward
EOD at low potential.

The XPS data of Ni in NF/B-Ni(OH), before and after elec-
trooxidation of the dye were obtained and the Ni 2p high-
resolution spectra are presented in Fig. 10. In Fig. 10a the two
major peaks at 856.0 eV and 873.7 eV correspond to Ni 2p;/, and
Ni 2p4,, respectively, along with the satellite peaks at 861.4 eV
and 879.9 eV, all of which are consistent with previous reports*
and confirm that pure Ni(OH), was synthesized on the surface.
Fig. 10b shows the XPS data after 3 h of electrooxidation and we
can see that the spectrum has barely changed with only a shift
of ~0.3 eV due to the long-term degradation. No peaks of Ni** or
Ni*" were detected using XPS. This result is not surprising
because the generated high valence state species of Ni are highly
active, so once formed they will instantly react with H,O to
produce hydroxy radicals and oxidize the organic pollutants.
According to the above discussion, it is safe to conclude that
indirect oxidation via the electrochemically generated hydroxyl
radicals is the main mechanism for the EOD of MO. The NF/-
Ni(OH), electrocatalyst plays a key role in the EOD of azo-dye,
and the main mechanism is as follows. First, B-Ni(OH), is
electrochemically oxidized to high valence state species such as
NiO(OH) or NiO(OH), at high positive potential in aqueous
solution. Second, the generated Ni(m) and Ni(v) species that are
highly active react with H,O to produce hydroxy radicals.
Finally, the highly oxidative hydroxy radicals attack and degrade
the azo-dye molecules. The reactions are as follows:

B-Ni(OH), — e~ — NiO(OH) + H*
B-Ni(OH), + H,0O — 2¢~ — NiO(OH), + 2H*
NiO(OH) + H,O — B-Ni(OH), + "OH
NiO(OH), + H,O — B-Ni(OH), + 2°OH

‘OH + azo-dye — product

4. Conclusions

In summary, the nickel-foam-supported B-Ni(OH), electrode
was successfully prepared via a facile hydrothermal method in
H,0, solution, and the resulting NF/B-Ni(OH), electrode had
a three-dimensional porous structure with the nickel foam

RSC Adv., 2018, 8, 19776-19785 | 19783
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being coated with a thin but complete and dense film of B-
Ni(OH),. The NF/B-Ni(OH), electrode exhibited high activity
toward the electrooxidative degradation of MO in the low
potential region (<1.07 Vvs. SCE), in which the competing side
reaction (water oxidation) did not occur significantly. This
property ensured that the NF/B-Ni(OH), electrode was energy-
efficient for the EOD of MO. During galvanostatic degradation
at 0.25 mA cm %, the decolorization of MO was complete
within 30 min. The COD and TOC removals after EOD for 3 h
were 63.0% and 49.1%, respectively, with a normalized energy
consumption of 22.2 kW h (kg COD) . This value is not only
the lowest but also just a fraction of (or even one-tenth of) the
values reported in the literature. The NF/B-Ni(OH), anode
showed an excellent stability for EOD, with no sign of activity
decay during 10 h of continuous galvanostatic degradation. In
addition, the NF/B-Ni(OH), electrode also exhibited a good
recyclability for EOD and the COD removal remained almost
unchanged after four consecutive cycles of degradation. The
mechanism of the EOD on the NF/B-Ni(OH), electrode was
demonstrated to be the homogeneous indirect oxidation of
MO by hydroxyl radicals, which were electrochemically
generated during galvanostatic degradation. Owing to its high
activity at low potential, high energy efficiency, good stability,
and excellent recyclability, NF/B-Ni(OH), is a highly competi-
tive anode material for EOD in large scale industrial applica-
tions. In addition, this work makes the following combined
EOD strategy possible: a long but energy-efficient EOD using
NF/B-Ni(OH),, followed by a short but COD-removal (or TOC-
removal) efficient EOD to balance the removal efficiency and
energy consumption. Future work to combine this energy-
efficient NF/B-Ni(OH), anode with a highly TOC removing
anode is on the way.
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