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Bimetallic nickel/manganese phosphate—carbon
nanofiber electrocatalyst for the oxidation of

formaldehyde in alkaline mediumt

lbrahim Elghamry,* Samya A. Al-Jendan,* M. M. Saleh and Mamdouh E. Abdelsalam

The development of earth-abundant transition metal-based catalysts, supported by a conductive

carbonaceous matrix, has received great attention in the field of conversion of formaldehyde derivatives

into toxic-free species. Herein, we report a comprehensive investigation of bimetallic electrocatalyst
activity towards the electrooxidation of formaldehyde. The bimetallic phosphate catalyst is prepared by
co-precipitation of Ni and Mn phosphate precursors using a simple reflux approach. Then the bimetallic

catalyst is produced by mixing the Ni/Mn with carbon fibres (CNFs). The structural properties and

crystallinity of the catalyst were investigated by using several techniques, such as scanning electron

microscopy, X-ray diffraction, energy-dispersive X-ray spectroscopy, and Brunauer Emmett—Teller

theory. The system performance was studied under potentiostatic conditions. Some theoretical

thermodynamic and kinetic models were applied to assess the system performance. Accordingly, key

electrochemical parameters, including surface coverage (I') of active species, charge transfer rate (ks),
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diffusion coefficient of the formaldehyde (D), and catalytic rate constant (k.,) were calculated at I' =

1.690 x 10™* mmol cm™2, ks = 1.0800 s™%, D = 1185 x 1075 cm? st and kese = 1.08 x 10° cm® mol™?

DOI: 10.1039/d2ra03359¢

rsc.li/rsc-advances

1. Introduction

Over recent years, the reserve storage of carbon fossil fuels has
rapidly depleted. Additionally, the detrimental impacts of using
fossil fuels have caused an aquatic environment pollution
crisis. Consequently, the demand for developing eco-friendly
fuel for clean energy conversion devices, such as fuel cells,
has recently attracted significant attention." Direct fuel cells
based upon electrooxidation of simple organic molecules such
as alcohol,>* urea,** formic acid,*® and formaldehyde®** have
been reported as clean energy generation technologies.”
Various studies have been geared towards understanding the
potential of developing fuel cells using the formaldehyde elec-
trooxidation process as an attractive replacement for conven-
tional fuel. The electrooxidation of formaldehyde possesses
many advantages. For instance, formaldehyde is used as
a keystone for the insight of partial methanol oxidation in direct
methanol fuel cells (DMFC).**** Also, formaldehyde is utilized
in diverse industrial applications such as textile manufacture,
and electroless copper plating.'* Furthermore, formate ions
HCOO~ that are produced during formaldehyde
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57! These findings demonstrate the intrinsic electrocatalytic activity of formaldehyde electrooxidation on
nickel/manganese phosphate- CNFs in alkaline medium.

electrooxidation have the potential to become a prominent
candidate for replacing fossil fuels in direct formate fuel cells to
generate clean energy. Additionally, direct formate fuel cells
(DFFC) have higher cell voltage values than direct alcohol fuel
cells (DAFCs), which leads to the production of more energy."”**
Furthermore, formaldehyde is directly produced as an inter-
mediate during the electrocatalytic conversion of CO,."*°

Electrocatalytic oxidation of formaldehyde on the surface of
metallic modified electrodes has attracted significant
interest.*** Generally speaking, noble metal-based materials
are well-known to deliver an outstanding performance as cata-
lysts for the electrooxidation of small organic molecules. For
example, SnO,/Pt,'* Pd nanoparticles (NPs)/multi walls carbon
nanotubes (WCNTs),** Pt-Pd/graphene (GR),** and Pt- Pd NPs/
polypyrrole-CNT,*® showed benchmark performance towards
the anodic electrocatalytic oxidation of formaldehyde. However,
the main drawbacks of these precious metals are their high cost
and the rapid deactivation of their surfaces by adsorption of
formed intermediates from the oxidation of formaldehyde.**
Consequently, massive endeavours have been allocated to find
efficient and cost-effective alternatives.

Phosphate materials possess large channels within the open
crystalline structure framework, making them perfect candi-
dates as electrocatalysts.”® Consequently, the outstanding
properties of nickel phosphate materials enable them to be
commonly used for a variety of applications, including

© 2022 The Author(s). Published by the Royal Society of Chemistry
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supercapacitors,”® LIB,”” and non-enzymatic sensors.”® More-
over, nickel phosphate (NiPh) electrocatalyst has been capable
of catalysing and improving the performance of urea oxida-
tion,” methanol,** glucose,® formaldehyde in alkaline
medium,** and glycerol in the neutral medium.* The activity of
the NiPh electrocatalyst is attributed to the flexible and stable
structural properties, chemical and thermal stability, and its
multiple oxidation states. Also, NiPh is an inexpensive material
and may be reduced to another form of an efficient electro-
catalyst like nickel phosphide (NizP-Ni,P) which was used in
many catalytic applications.**

Hureaulite has been categorized as a part of widespread
species of hydrated manganese phosphate family (XH-MnPh)
with Mn;(PO;(OH)),(PO,),-4H,O structure. It has been
commonly utilized as an additive to achieve high surface
corrosion-resistance to strengthen the wear-resistant of steels.*
In recent years, hureaulite synthetic methodologies and physi-
cochemical properties have attracted massive attention in
material and mineralogical sciences. Nevertheless, using hur-
eaulite in electrocatalytic oxidation of formaldehyde is scarce.

Monometallic-based materials have been widely used as
eminent alternatives for many electrocatalytic applications.
However, their low catalytic activity, which may be ascribed to
using a single component of transition metal-based catalysts,
and their low ability of charge transfer was greatly obstructed
their applications. In order to tackle this issue, the strategy of
designing a bimetallic catalyst was proposed. Generally, more
redox reactions are successfully initiated from the combination
of multiple valence states of bimetallic ions. Thus, the voltage
window of the redox reaction will be enlarged due to increasing
the active sites on the surface of the bimetallic catalysts.
Meanwhile, the activity and stability of electrocatalysts were
enhanced by using bimetallic materials.*® Based on the above-
mentioned properties, bimetallic nickel-based materials have
been employed in different energy conversion applications
especially, supercapacitors,®” and as anode materials in LIBs.*®
In addition, they have been used in electrocatalytic reactions for
glucose,* urea,’ and methanol** oxidation in alkaline medium.
Multi-metallic materials such as, ternary Ni-CuCo/graphene
(GR), binary NiO/MnO,**** binary Pd/Sn,** Pd-WC/GR,* have
outstanding performance for methanol, formic acid, and
ethanol oxidation, respectively. Fe/FeZM-CPE,** Ni-Pd/SiMCP,*’
Pd/PPy composite,”® and CuO/Cu/TiO, nanotube arrays,*
offered superior electroactivity for the formaldehyde oxidation
than mono metallic catalysts. Also, bimetallic Pd/Cu,O nano-
clusters,* and (NiWO,) nanoparticles,* showed better electro-
activity for formaldehyde oxidation than individual metallic
materials. These results were attributed to the synergistic effect
between transition metals in the electrocatalysts. Although
bimetallic electrocatalysts have emerged as an auspicious
catalyst in many applications, the lack of their electrical
conductivity has motivated urgent demand to find further
alternatives with high electrical conductivity.

A short while ago, incorporated bimetallic-based materials
into carbon support materials have been considerably employed
in many electrocatalysis applications. Carbon conductive
matrices such as carbon nanotubes,”** graphene,* and carbon
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nanofibers (CNFs)*® have been used because of their intrinsic
properties such as high electrical conductivity, large surface area,
and good chemical and electrochemical stability properties.
Benefiting from the unique characteristics of graphitic materials,
nanocomposite NiCo,0,/MWCNTs aerogel,*® Ni-Cr/C,”” N-doped
reduced graphene oxide RGO supported by nano-Ni-CoO,,*
bimetallic Ni-Sn/CNFs nanocomposite,” Bimetallic NiMn alloy/
CNFs,* have been applied as a modified electrodes for different
electrocatalytic oxidation applications and offered higher cata-
Iytic activity and stability than pristine electrode materials.

Notably, in this work, we first sought to use tetra-hydrated
manganese phosphate (hureaulite) as a novel co-catalyst to
improve the catalytic activity of nickel phosphate octa hydrates
toward formaldehyde electrooxidation. Nickel (Ni)/manganese
phosphates (MnPh) electrocatalyst is typically synthesized by
simple reflux methodology. Bimetallic phosphates material is
mixed with CNFs to form bimetallic Ni/MnPh-CNFs catalyst.
Physicochemical and electrochemical properties of as-
synthesized materials are characterized by using various tech-
niques. Electrochemical techniques were also used to evaluate
the electrocatalytic performance of the proposed catalyst.

2. Experimental

2.1. Chemicals and materials

All solvents and reagents throughout the current study were
commercially pure products and used as received without any
further purification. Manganese acetate, Mn (CH3;COO),, nickel
nitrate hexahydrate, Ni (NO;),-6H,0, and ammonium dibasic
phosphate, (NH,),HPO,, were purchased from Sigma Aldrich-
United Kingdom. Deionized water was used to prepare all the
solutions and rinse the electrodes during the experiment. The
carbon nanofibers (CNFs), OD: 200-600 nm was ordered from
the US Research Nanomaterials, Inc., Houston, USA. CNFs
material was manufactured by CVD technique and has high
purity >95 wt%. It possesses a tap density of 0.043 g cm™> and
a high electrical conductivity of 100 S cm ™. Also, potassium
hydroxide, urea, Nafion, and formaldehyde 37-38% w/w STB
MT, Nafion (5% water) were obtained from Pan Rec Applichem.

2.2. Synthesis of nickel phosphate

NiPh material was synthesized by simple co-precipitation under
mild conditions using a reflux system. The full description of
the preparative approach can be found in the following ref. 59.
Typically, a greenish precipitate of NiPh was prepared by mixing
5 ml nickel nitrate hexahydrates (1 M) with 5 ml of ammonium
dibasic phosphate (1 M). After that, a small volume of 1 ml
concentrated nitric acid, HNOj3, was added for dissolving the
greenish precipitate to form a homogenous solution. Subse-
quent addition of urea solution to the homogenous mixture was
carried out. The green precipitate was produced by refluxing the
mixture with constant stirring at 90 °C for 12 h. The resulting
suspension was left to cool down to room temperature. There-
after, the precipitate was extracted by filtration and washed
several times by using deionized water. Finally, the precipitate
was left in an oven to dry at 100 °C for 12 h.

RSC Adv, 2022, 12, 20656-20671 | 20657
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2.3. Synthesis of manganese phosphate

MnPh was also prepared using a simple reflux procedure. The
preparation steps were thoroughly represented in the preceding
synthetic methodology of NiPh. However, MnPh was obtained
from mixing of (15 ml, 1 M) Manganese acetate and (5 ml, 1 M)
of ammonium dibasic phosphate. Then, steps for NiPh prepa-
ration were followed, and the refluxing procedure was per-
formed. Consequently, the light brown precipitate of MnPh was
produced and ready for different characterizations.

2.4. Synthetic methodology of bimetallic Ni/MnPh catalyst

NiPh and MnPh were synthesized from their precursors by
a simple reflux procedure.* Firstly, 14.540 g of nickel nitrate
hexahydrate, Ni (NO;),-6H,0, 8.65 g of manganese acetate, Mn
(CH3CO00),, and 6.603 g of ammonium dibasic phosphate,
NH,H,PO, were transferred into separate 50 ml volumetric
flask. Secondly, 50 ml of deionized water was added to each of
them up to the calibration mark. Thirdly, (8 ml, 1 M) of nickel
nitrate hexahydrates, and (2 ml, 1 M) manganese acetate,
respectively. This mixture was mixed with (6.6 ml, 1 M)
ammonium dibasic phosphate solutions. Then, the light green
precipitate was directly formed. To the above precipitate, 1 ml of
concentrated nitric acid has gradually added using a dropwise
addition manner until the greenish precipitate was dissolved.
Consequently, a homogenous uniform solution was produced.
After that, (60 ml, 1.6 M) of the urea solution has added to the
homogeneous mixture. Thereafter, the mixture was magneti-
cally stirred using a simple reflux system at 90 °C. The refluxing
process was prolonged for 12 hours. Then, the light green
precipitate of Ni/MnPh was formed and naturally cooled down
to room temperature overnight. Afterwards, the produced
material was filtered and rinsed multiple times with deionized
water. Then, the precipitate was left in an oven at 100 °C to dry
for 12 hours. Finally, this material was ready for different
physicochemical and electrochemical characterizations.

2.5. Fabrication of NiPh/CNFs, MnPh/CNFs, and Ni/MnPh-
CNFs electrodes

The phosphates electrodes were fabricated as the following
protocol. Firstly, the bare glassy carbon electrode (GCE) ¢ =
3 mm diameter was mechanically polished with aqueous slur-
ries of finer alumina powder (down to 0.06 pm). Then, GCE was
rinsed initially by deionized water and followed by ethanol.
Besides, for the electrochemical cleaning purpose of GCE, the
potential cycling was implemented for 50 cycles in the potential
window from —0.5 to +0.5 V, at 100 mV s~ * scan rate in 0.1 M of
H,SO, solution. 12 mg of NiPh or MnPh, or Ni/MnPh materials
and a proper amount of CNFs (3 mg) were added into 2.5 ml of
isopropanol and 50 uL of Nafion oil in a test tube with 30 min
ultrasonic treatment to have a homogeneous suspension solu-
tion. At last, 20 pL of freshly prepared ink catalyst of NiPh/CNFs,
or MnPh/CNFs, or Ni/MnPh-CNFs was taken and casted onto
the surface of the GCE and left in the air to dry for overnight.
The weight loading of Ni/MnPh-CNFs was 2.5 mg cm ™2, i.e., the
base GCE is coated with 0.18 mg of the investigated catalyst.
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2.6. Physicochemical characterization

The morphological and compositional characteristics of the as-
synthesized materials were probed by field-emission scanning
electron microscopy (FE-SEM, Model JEOL JSM-5410). SEM was
equipped to carry out the elemental fingerprinting analysis
using energy-dispersive X-ray spectroscopy (EDS). X-ray diffrac-
tion spectra (XRD) of investigated materials were recorded with
X-ray diffractometer (PANalytical, X'Pert PRO). XRD equipped
with monochromatic CuKo radiation. The crystallographic
structure of materials was identified using wavelength (1 = 1.54
A). XRD radiation was generated at 40 kV and a current of 44 mA
with a scan rate of 2° min~' over a 2° range of 4-80°. The
chemical properties analysis of material was performed by X-ray
photoelectron spectrometer (ESCA-II; Omicron, Germany).The
pore size distribution and specific surface area (SSA) were
calculated using Brunauer Emmett-Teller (BET). The samples
were investigated under low-temperature (77.0 K) adsorption
isotherms and using high purity nitrogen (99.999%). It
measured over a wide range of relative pressures from 0.02 to
0.95. Adsorption measurements were carried out using a Micro-
metrics ASAP2010 volumetric adsorption apparatus. The
samples were initially degassed at 100 °C and prolonged for 6 h
in the degas pot of the adsorption analyzer before starting the
measurements. Also, Barrett Joyner-Halenda (BJH) was used for
pore size distribution determination purposes.

2.7. Electrochemical measurements

Electrochemical measurements including cyclic voltammetry
(CV) and chronoamperometry (CA), were performed using
electronic hardware of Gamry potentiostat/galvanostat. Stan-
dard three electrodes electrochemical cell configuration, a plat-
inum wire as a counter electrode (CE), Pt, glassy carbon
electrode, GCE as a working electrode (WE), saturated silver-
silver chloride as a common reference electrode (RE), Ag/AgCl/
3 mol L™ " KCl with a Luggin probe positioned near the electrode
surface were normally employed in electrochemical measure-
ments. The applied potential to the working electrode
throughout the experiment was controlled by the reference
electrode. Examining the reproducibility of the findings was
made by repeating the measurements at least three times.

3. Result and discussion

3.1. Surface morphology of electrode materials

Fig. 1a presents the morphology and dimensions of the bime-
tallic Ni/MnPh-CNFs electrode. It indicates the NiPh sheets and
hexagonal prismatic shape of MnPh particles that are con-
nected by CNFs. The electrical wiring connections of CNFs
between NiPh and MnPh particles improve the electrical
conductivity and SSA of the material.

The composition of Ni/MnPh-CNFs is confirmed by EDS
(Fig. 1b). It consists of 26.05 wt% Ni, 5.72 wt% Mn, 29.01 wt% O,
9.81 wt% P, and 29.41 wt% of C. It is worth mentioning that the
mass ratio of Ni : Mn is about 26.05 : 5.72, which coincides with
the volume ratio of 4 : 1. This was previously mentioned in the
synthesis procedure of the Ni/MnPh-CNFs catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FE-SEM image of (a) Ni/MnPh-CNFs, and the corresponding EDS pattern of Ni/MnPh-CNFs (b).

The surface morphology of CNFs is depicted in the FE-SEM
micrograph (Fig. S1at). The image shows a hollow fiber struc-
ture with a smooth surface. Additionally, the fiber has a high
aspect ratio material with an outer nanoscopic diameter of 50-
150 nm, and a length of 5 um.* Fig. S1b} shows the SEM image
of NiPh/CNFs, which reveals the flake sheets of NiPh with an
average size of 200-800 nm. The electrical wiring of the bime-
tallic electrode is improved by the addition of CNFs. Fig. Sicf
shows the EDS pattern, which illustrates the elemental finger-
printing of NiPh/CNFs. It confirms the presence of nickel,

morphology and dimensions of MnPh are also shown in
Fig. S1d.t This image indicates three dimensions structure
(170 nm x 300 nm x 800 nm) of MnPh particles. These parti-
cles have different sizes of hexagonal prismatic like-shape with
a length up to 800 nm and diameters up to 300 nm. The EDS
pattern of MnPh/CNFs is shown in Fig. Sle.} It reveals the
presence of manganese, oxygen, carbon atoms, and a small
quantity of phosphorous.

Fig. 2a(ii) shows the XRD pattern for CNFs, where exhibits
the highly intensive characteristic peaks at 204 = 26.21° and

oxygen, phosphorous, and carbon atoms. The surface 42.8°.°* They were scrupulously recorded at diffraction angle
b NiPh
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Fig. 2 XRD pattern of (a) CNFs, (b)NiPh/CNFs, (c) MnPh/CNFs, and their ICDD cards are also included for comparison, (d) Ni/MnPh-CNFs.
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range 0 < 20q;¢ > 80. Also, Fig. 2a(i) displays the international
center for diffraction data (ICDD) for graphite-2H with reference
code 01-075-1621. Fig. 2b(ii) presents the peaks for the crystal-
line NiPh.®> CNFs peaks are marked by asterisks. The ICDD card
for NiPh is included in Fig. 2b(i) with a reference code of 00-033-
0951. It demonstrates the structure of the arupite, Ni3(PO,),-
-8H,0.% According to Scherrer equation (eqn (1)), the average
grain size of NiPh is estimated to be Dy = 60 nm;**

09 2

Dy=-——
il B cos 6

(1)
where Dy, is the average crystallite size, # is the angle of
diffraction, 2 = 1.54 A is the wavelength of the X-ray radiation,
and @ is the full width at half maximum (FHWM).

The crystallinity of MnPh sample is demonstrated in the
XRD pattern (Fig. 2c(ii)). It can be noted that the diffraction
peaks for as-synthesized MnPh are signified to the mono-
crystalline MnPh, indicating the crystallographic structure of
hureaulite, Mn;(PO5(OH)),(PO,),-4H,0. For comparison, ICDD
card of MnPh is also included in Fig. 2¢c(i). The peaks for CNFs
are marked by red asterisks (ICDD: 01-075-1621). Whilst the rest
of the sharp peaks are for the MnPh particles. The average grain
crystallite size for MnPh is determined at Dyq = 71 nm. It was
also calculated using Scherrer equation eqn (1).

Fig. 2d shows the XRD pattern of bimetallic Ni/MnPh-CNFs.
The composition of the probed material is found to be hybrid-
ized Niy(PO,),- 8H,0/Mns(PO;(OH)),(PO,), 4H,0-CNFs with
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a crystal structure. MnPh peaks are appeared at 20gi¢ = 10.24
and 31.69 (ICDD: 00-034-0146). The diffraction peaks of CNFs
are obtained at 264;¢ = 26.21° and 42.8. The rest of the intensive
peaks are for NiPh (ICDD: 00-033-0951). The average crystallite
grain size values of NiPh and MnPh particles are not signifi-
cantly changed after the addition of CNFs.

The chemical properties of the surface were further investi-
gated through X-ray photoemission spectroscopy. The spectra
were calibrated to the C 1s peak. Fig. 3a shows the survey
spectrum of the Ni/MnPh-CNFs confirming the existence of Ni,
Mn and P elements. Considering the relative sensitivity factor,
the surface atomic composition of the Ni/MnPh-CNFs, which
was obtained from P 2p, Ni 3p and Mn 3p photoemission lines
(Fig. 3b and c), is 53.13%, 36.16% and 10.71%, respectively. The
Ni 2p core-line (Fig. 3d) consists of two major peaks at binding
energy 856.2 eV and 873.7 eV, which are assigned to Ni 2p3/2
and Ni 2p1/2. The presence of Ni 2p3/2 peak at higher
binding energy compared to Ni(HO), spectra, 855.7 eV, indi-
cates an increase in the valence state of Ni at the surface.®* In
contrast, determining the Mn oxidation state via Mn 3s is
challenging due to the low presence of Mn on the surface.®® In
Fig. 3b, the P 2p peak is centred at 133.3 eV, indicating that the
phosphate group is bonded to the metal as P-Ni/Mn.*

Further analysis was performed to get more insight into
samples structures throughout the investigation of pore size
distribution and specific surface area (SSA) features using BET
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(c) XPS of Ni 3P and Mn 3P (d) XPS of Ni 2p.
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Fig. 4 Nitrogen (N,) adsorption/desorption isotherm curve of (a)Ni/MnPh, (b)Ni/MnPh-CNFs catalysts. BJH curves of materials are indicated in

the insets.

and BJH analysis. The obtained curves are depicted in Fig. S2f
and 4.

The isotherms of all samples were categorized as type I or III
according to the classification of the International Union of
Pure and Applied Chemistry (IUPAC). These types of isotherms
are assigned to slight convex at higher relative pressure values
and without any hysteresis loops. They also indicate an unre-
stricted multilayer formation process of N, gas during the
analysis, which lead to a linear increase in adsorbed gas over the
surface of the activated carbon-based material.®** The BET
surface area (SSAggy) values for the studied samples are re-
ported in Table 1.

The SSAggr are roughly 87.23, 32.00, 32.32, 33.24, 47.23 m®
g~', for CNFs, NiPh/CNFs, MnPh/CNFs, Ni/MnPh, Ni/MnPh-
CNFs, respectively, indicating the high surface area of bime-
tallic phosphates-CNFs among phosphates catalysts. As seen in
BJH-curve of CNFs (Fig. S2at inset), a sharp peak appears at
5 nm while the broad peak markedly indicates the existence of
larger pores distribution between 10-20 nm.*7* The BJH curves
(Fig. S2b and cf and 4 insets) demonstrate the porosity nature of
different phosphates materials.

3.2. Electrochemical characterization of Ni/MnPh-CNFs
electrocatalyst

Electrochemical performance of Ni/MnPh-CNFs electrode in
alkaline solution (0.25 M KOH) was tested using cyclic voltam-
metry technique. Ni/MnPh-CNFs electrode was activated before
using in electrooxidation processes by CV with scanning the
potential ranging from —0.2 to 0.65 V at 100 mV s~ scan rate.

The consecutive CVs were recorded for 100 cycles. 50 cycles were
plotted for clarification, as shown in Fig. 5a. The increasing of
accessible active sites Ni(u)/Ni(r) during the activation process
is attributed to the presence of Mn(u) and CNFs components in
the catalyst.

The maximum anodic peak current is about 340 pA. It is
recorded at approximately +0.6 V, whereas the broad cathodic
peak potential on the reverse sweep is appeared at around
—0.33 V. It is noticeable that there is no significant shift in the
peak potential from cycle to cycle. However, the peak current
gradually increases with increasing the cycle number Fig. 5b.
The height of peak current regarding the cycle number 100th for
Ni/MnPh-CNFs is higher than that for other phosphates elec-
trodes (Fig. 5c). The absence of cathodic and anodic current
peaks in cycle number 100th of MnPh/CNFs electrode is
assigned to the inactive nature of MnPh species. It was only
used to enhance the formation of Ni** throughout the OH™
insertion and extraction processes.

Fig. 6 exhibits the CVs for MnPh/20 wt% CNFs (Fig. 6a), and
Ni/MnPh-20 wt% CNFs (Fig. 6b) electrodes in 0.25 M KOH
solution at various potential scan rates. The current-potential
response of mono NiPh/20 wt% CNFs catalyst is indicated in
the previous work at different scan rates.” The redox peaks for
the insertion/extraction of OH-are not clear for the MnPh/CNFs
electrode. However, the charging current is increased with
increasing the scan rate. On the other hand, the anodic I;,, and
cathodic I, peaks current are dramatically augmented with
increasing scan rate for the Ni/MnPh-CNFs due to the syner-
gistic effect between NiPh and MnPh and the presence of high

Table 1 SSAget and pore size distribution (BJH) for different electrode materials catalysts

Material Used mass/g SSAger/m” g~ Pore diameter/nm Pore volume/cm® g ™!
CNFs 0.0129 87.23 2-8 0.096
NiPh/CNFs 0.0412 32.00 2-9 0.062
MnPh/CNFs 0.0190 32.32 1-11 0.028
Ni/MnPh 0.0250 33.24 1-14 0.032
Ni/MnPh-CNFs 0.0190 47.23 2-12 0.046

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrical conductive CNFs. CV response for bimetallic phos-
phates is higher than mono NiPh/CNFs. The anodic peak
potential is shifted to a more positive value, whereas the
cathodic peak potential is slightly moved to a less positive
direction. Also, the peak separation AE, increases with
increasing scan rate from 5 to 200 mV s~ '.** The peak potential
separation at scan rates » = 10, 20, 50, 100, and 200 mV s~ " are
estimated to be AE, = 206, 242, 273, 304, and 369 mV st
respectively, which points to the quasi-reversible characteristic
of the process (i.e., AE, > 59/n mV s '). Fig. 6¢ shows the linear
increase of current intensity values (I,, and I,) with scan rates
of 5mVs~' — 200 mV s *. The resulting straight line indicates
that the process is a surface-confined redox system.” Also, the
linear increase of 0E, with In » is indicated in Fig. 6d.

Laviron's equations were used to estimate the charge trans-
fer coefficient value («) according to the following equations
(eqn (2) and (3))

i RT anFv
Ep =B+ { wF | 0 R, )
0 RT (I — a)nFv
E,=E+ {(1 ~ o) nF x In RT%. (3)

20662 | RSC Adv, 2022, 12, 20656-20671

The comparison of 100th cycle number for different electrodes (NiPh,

where E° is the standard potential, Epa, and Ej, are the anodic
and cathodic peak potentials. The electron-transfer rate
constant (K;) can be calculated using the following equation

(eqn (4)):

RT
log ks = alog(l — ) + (1 — a)log o — log{ﬁ}
v

(4)

a(l — a)nFAE,
2.3RT

where E°, F, T, R are the standard electrode potential, Faraday's
constant, absolute temperature, and universal gas constant,
which are equal to 298 K, 96 485 C mol %, and 8.314 ] mol ' K,
respectively. Also, n denotes the number of electrons trans-
ferred during the redox reaction.

The regression equations of straight lines are 0Ep,, =
0.205 In v +0.230 and 6E,. = —0.114 In » + 0.309 and their slope
equivalent to 2.3 RT/(1 — «,) nF for anodic and —2.3 RT/«,. nF for
the cathodic current peaks. Accordingly, the calculated charge
transfer coefficient « is found to be «, = 0.71, indicating that
the anodic and cathodic transforms might have different rate-
limiting steps. Based on the equations (eqn (2)-(4)), the
electron-transfer rate constant is about ks = 1.080 s~ *. Table 2
indicates the higher k value for the oxidation of formaldehyde
on Ni/MnPh-CNFs in 0.25 M KOH solution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Charge transfer coefficient, («) and electron transfer rate constant, (ks) of some Ni-based electrocatalyst

Electrochemical parameters

Electrocatalyst Electrolyte a, kst Ref.
Pristine-NiPh 0.1 M NaOH 0.75 0.0630 59
Ni-CoVSB-5/CPE 0.1 M NaOH 0.72 0.0080 74

Ni (OH),-MIL/CPE 0.1 M NaOH 0.57 0.0085 15
Ni-CHIT/CPE 0.1 M NaOH 0.73 0.1740 75

Ni (OH),-X/CPE 0.1 M NaOH 0.76 0.0140 76
NiPh/20% CNFs 0.25 M KOH 0.70 0.7892 72
Ni/MnPh-CNFs 0.25 M KOH 0.71 1.0800 This work

3.3. Performance of different electrodes in 0.25 KOH

Fig. 7a shows CVs for bare GCE, CNFs, NiPh/CNFs, MnPh/CNFs,
and Ni/MnPh-CNFs in 0.25 M KOH at 50 mV s~ ' scan rate. Both
oxidation and reduction peaks are not appeared in the CV for
GCE and CNFs electrodes. MnPh/CNFs electrode exhibits
featureless cyclic voltammogram while the charging current of
MnPh/CNFs is significantly increased when compared to GCE
and CNFs. This increase may be due to the unique characteristic
of MnPh and the incorporation between MnPh and CNFs. NiPh/
CNFs shows a well-defined redox peak due to the conversion of
Ni(z) = Ni(m). Ni/MnPh-CNFs displays the best redox peak,
where the current intensity is higher than the rest of the studied
samples. These results confirm the synergistic effect of the
bimetallic catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The surface coverage values (I') of different electrode mate-
rials were determined from the following equation eqn (5);”

9 (5)

T nF

where I' is the number of active sites on the surface of the
hybridized electrode. Q is referred to the charge passed through
the Ni*?> = Ni** transformation, which is obtained from the
integration of the area under CV curve at 50 mV s~ ' scan rate. F
and n are the Faraday's constant and the number of electrons
transferred during the redox process, respectively.

As reported in Table 3, Ni/MnPh-CNFs has the highest value
of surface coverage (I' = 1.690 x 10~ %), which causes an
increase of active sites Ni**/Ni"® on the surface of Ni/MnPh-
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Table 3 Surface coverage I' values of redox species for different
electrode materials at 50 mV s*

Material I'/mmol cm?
GCE 0.00
CNFs 0.00
MnPh/CNFs 0.00
NiPh/CNFs 2.780 x 10°°
Ni/MnPh-CNFs 1.690 x 10~*

CNFs electrode throughout OH™ insertion and extraction
reactions.

Fig. 7b represents the comparison of all investigated elec-
trode surface coverage. Based on the findings of surface
coverage, the introduction of MnPh plays a significant role to
improve the catalytic performance of electrocatalyst that is
correlated with increasing the amount of active sites Ni**/Ni*,

3.4. Electrochemical oxidation of formaldehyde on Ni/
MnPh-CNFs

The performance of the bimetallic phosphates electrode toward
formaldehyde electrooxidation is also implemented at different
potential scan rates. Fig. 8a displays the CVs curves of electro-
oxidation of 0.25 M of KOH containing 0.01 M of formaldehyde
on the surface of Ni/MnPh-CNFs electrode. The anodic peak
current increases with the scan rate. Also, the voltammetric
response of Ni/MnPh-CNFs electrode verifies the reproducible
oxidation and reduction peaks which being ascribed to the
formation of Ni(u)/Ni(u) redox couple at low scan rates. The
height of anodic peak currents is approximately I,, = 255 pA at
5 mV s %, and 2650 pA at 400 mV s ' scan rate. Also, the
reduction peaks current are progressively increased with
increasing the scan rate, indicating the irreversible nature of the
formaldehyde oxidation process. Compared to the CV responses
of mono NiPh/CNFs, and MnPh/CNFs at similar conditions,
CVs for Ni/MnPh-CNFs achieve the highest increase with varied

20664 | RSC Adv, 2022, 12, 20656-20671

scan rates. The anodic peak currents I,,, versus square root »-* of
different potential scan rates are plotted in Fig. 8b. This linear
behaviour confirms that the electrocatalytic oxidation of form-
aldehyde on Ni/MnPh-CNFs electrode is an irreversible
controlled process by diffusion that is consistent with Randles-
Sevcik equation as described in eqn (6); 7’

I, = 0.4961 x nFAC[an, F D, /RT)"*\/v (6)

where n, = 1, and F are the number of electrons transferred
during the oxidation reaction, and Faraday's constant, respec-
tively. A = 0.07065 denotes the surface area of the working
electrode in the unit of cm?, « is charge transfer coefficient and
D, (em® s7') is the mass of electroactive reactant diffuses
through the surface of electrode during the electrooxidation
reaction due to the gradient concentration, which is well-known
as the diffusion coefficient. R, », T have their usual meaning.
The determination of « is required to apply the following
mathematical equation eqn (7):

E, =K+ [ RT/2an, Fllnv

(7)

From Fig. 8B, the emanating slope of the straight line is
found to be 3.078 that is equal to RT/2an,F. Thus, the resulting
average of « value and D, parameter are estimated to be o =
0.2501 and D, = 1.185 x 10~ ® cm? s~ *. In addition, the linear
dependency of the peak potential E,, on the natural logarithm
of potential scan rate In » is presented in Fig. 8c. Also, the
normalized plot of\/7 is initially steeps with low »/V s, then it
remains constant at higher potential scan rates (Fig. 8d).

The resulting plot suggests that the electrocatalytic oxidation
of formaldehyde follows the regeneration of Ni**/Ni*® mecha-
nism on the surface of Ni/MnPh-CNFs electrode. The plot
reflects the EC’ mechanism of active species regeneration which
obeys the following reactions:

Nis(PO4)>»/MnPh + OH™ = Ni(u) OOH/ MnPh +H,O + ¢~ (8)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NiOOH/MnPh + CH,(OH)O™ —

Ni (OH),/MnPh + CH(0)O~  (9)

3.5. Effect of formaldehyde concentration

Fig. 9 demonstrates the effect of various formaldehyde
concentrations of 0.0025 M, 0.005, 0.01 M, 0.05 M, 0.1 M, and
0.25 M on the CVs for the Ni/MnPh-CNFs. This diagnostic test
was carried out at different scan rates of 20 mv s, 50 mv s,
100 mV s~ and 200 mV s~ . Fig. 9a, b, and c display the current
intensity peaks I,, increase as the concentration of formalde-
hyde increase up to 0.25 M. The maximum peaks current are
approximately 1800 pA, 2200 pA, and 2585 pA at 20 mV s~ *
(Fig. 9a), 50 mV s~ '(Fig. 9b), and 100 mV s~ (Fig. 9c), respec-
tively in 0.25 M KOH containing 0.25 M of formaldehyde. The
anodic peak potential is also shifted to more positive direction
by increasing the formaldehyde concentration.

The inset of Fig. 9d shows the linear plots of I, values with
low formaldehyde concentrations (0 M — 0.01 M). However, the
peak current value is deviated from a straight line and increased
with high formaldehyde concentrations (0.05 M, 0.1 M, and 0.25
M). This result gives a clear indication of the activity of bime-
tallic Ni/MnPh-CNFs electrocatalyst with increasing the
concentration of formaldehyde. It may be due to the synergistic
effect between NiPh and MnPh and the presence of CNFs, which

© 2022 The Author(s). Published by the Royal Society of Chemistry

accelerate the electron transfer and improve the electrical
conductivity of materials.

As shown in Fig. S3a,t it can be interestingly noted that the
anodic peak current is decreased at a scan rate higher than
100 mV s ' and formaldehyde concentration higher than
0.01 M. I, tends to have different modes, illustrating a limita-
tion in the formaldehyde electrooxidation kinetics. Besides, the
anodic peak potential in the forward scan (E) shifts to a more
positive potential direction. The augmented linear trend of I,,
value at low formaldehyde concentrations (0 M — 0.01 M) is
displayed in Fig. S3bf (ESI), while a significant decline was
observed at formaldehyde concentration higher than 0.01 M. It
is attributed to a large number of saturated active sites by
intermediates products resulting from the formaldehyde
oxidation process. This phenomenon increases the poisoning
extent of catalysts and hampers the diffusion of reactant into
the surface of the bimetallic electrocatalyst.

CVs of formaldehyde oxidation recorded 50 mV s ' for
different electrodes are shown in Fig. 10. Uncoated GCE
substrate is acted as a charge collector and does not exhibit any
surface redox reaction. It is also markedly noted that a similar
voltammetric response is observed even after 100% loading of
CNFs owing to the defect-free coupled with the surface of CNFs.
The conjugation between CNFs and GCE surface provides
a higher surface area, electrical conductivity, and charge
transfer. However, the CNFs activity toward formaldehyde

RSC Adv, 2022, 12, 20656-20671 | 20665
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electrooxidation is not as high as that of other phosphate
catalysts. By loading 80% of MnPh material that is physically
incorporated with 20 wt% of CNFs, a significant increase in the
charging current is observed while no peak could be assigned to
oxidation of Mn(u) to a higher valence state. On the other hand,
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Fig. 10 CVs for different electrode materials (GCE, CNFs, MnPh/CNFs,

NiPh/CNFs, and Ni/MnPh-CNFs) in 0.01 M KOH containing 0.01 M
formaldehyde at 50 mV s~! scan rate.
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the loading of 80 wt% of NiPh/CNFs leads to an increasing and
broadening in the anodic peak current. The anodic and
cathodic peaks current are due to the oxidation and reduction
of NiPh. Therefore, Ni is changed to a higher valence state in,
which causes the formation of redox couple species Ni**/Ni**,
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Fig. 11 Indirect electrooxidation of formaldehyde on the surface of

bimetallic Ni/MnPh-CNFs.
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Fig.12 Chronoamperogram for Ni/MnPh-CNFs electrocatalyst that is
detected in 0.25 M of KOH solution and in the absence (i) and presence
(ii) of 0.005 M of formaldehyde. The straight-line plot of /, /e, vs. t°2 is
given in the inset.

thus giving rise in the voltammetric response in the electrolyte
(0.25 M KOH) containing 0.01 M of formaldehyde. The area of
the CV curve is further increased after loading of 80% bimetallic
Ni/MnPh-CNFs, which is mainly attributed to the synergistic
effect between NiPh and MnPh. Consequently, the charge
transfer is accelerated to generate a higher amount of active
sites (Ni**/Ni*") on the surface for better activity toward form-
aldehyde electrooxidation. Also, CNFs material improves the
electrical conductivity of the catalyst and decreases the internal
resistance. Even though the pristine MnPh is electrochemically
inactive, bimetallic Ni/MnPh-CNFs electrocatalyst exhibits the
highest formaldehyde oxidation peak, which is recorded at 1120
MA at a potential of 0.65 V vs. Ag/AgCl. This response is 3 times
higher than that for NiPh/CNFs.

Generally, the proposed mechanism of formaldehyde elec-
trooxidation on bimetallic Ni/MnPh-CNFs can be described by
reactions in Fig. 11.

Firstly, formaldehyde is hydrated to methylene glycol,
CH,(OH), in an alkaline medium. This step is required for the
regeneration of the bimetallic catalyst. K., of the hydration
process is 2.28 x 10°.”® Then methylene glycol (MG) is ionized
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during the hydration process. Hence, MG ions, CH,(OH)O™ are
the dominant species in the formaldehyde aqueous solution.
After that, nickel hydroxide Ni (OH),/nickel oxyhydroxide
NiOOH species are formed on the surface of the bimetallic
electrode. Consequently, MG ions are diffused from the bulk
solution to the electrode surface. Therefore, Ni** is chemically
reacted with CH,(OH)O™ which causes the reduction of Ni**
species. Then the ions are quickly oxidized to CH(O)O ™ by the
Ni** species on the electrode surface and generate one elec-
tron.*>”>74” MnPh serves as co-catalyst to improve the forma-
tion of Ni*". Subsequently, further formaldehyde
electrooxidation is taking place. The oxidation of the formal-
dehyde process is accelerated by the increasing electrical
conductivity provided by CNFs component of the bimetallic-
CNFs electrode. This process is referred to as indirect oxida-
tion process which follows the EC’ mechanism.

3.6. Chronoamperometry analysis

The chronoamperogram of Ni/MnPh-CNFs in 0.25 M KOH in
the presence of 0.005 M HCHO at the fixed potential of 0.5 V is
shown in Fig. 12. Obviously, the chronoamperogram (i) shows
lower current intensity than (ii) that results from the formal-
dehyde oxidation on the bimetallic-CNFs surface. It is due to
a large number of active sites on the surface of bimetallic Ni/
MnPh-CNFs electrode, which can lead to a high anodic
current response. The catalytic activity of Ni/MnPh-CNFs elec-
trode toward formaldehyde electrooxidation is evaluated by
determining the catalytic rate constant (k). Fig. 12 inset
displays the slope of a straight-line plot of I.,/I;, against time/s,
which is used to estimate the k., value according to eqn (10);*

Ical

— 7_‘_0.5 (kcal COZ)O.S
I

(10)

where I, is the current in the presence of formaldehyde, and f,
is the current in the blank solution (0.25 M KOH). C° denotes
the concentration of formaldehyde in mol cm*, and ¢ time/s.
The value of k., is estimated to be 1.08 x 10°> cm® mol™* s™*
which offers its superior electrocatalytic performance toward
formaldehyde in alkaline medium. Some of the mono and
multiple metallic electrocatalysts and their catalytic rate
constant regarding formaldehyde oxidation are displayed in
Table 4. It can be observed that k., value for the Ni/MnPh-

Table 4 Catalytic rate constant (k.at) values for the electrochemical oxidation of the formaldehyde at different mono and multiple metallic-

based catalysts and the current Ni/MnPh-CNFs-20 wt% catalyst

Catalyst Electrolyte Keat Clacuo/M Ref.
Ni/WO, NPs 0.1 M NaOH 1.37 x 10* 0.015 51
Ni/poly (NMA)-CPE 0.1 M NaOH 8.69 x 10° 0.01 81

Ni (OH),/MIL(Cr)-CPE 0.1 M NaOH 2.37 x 10° — 15
Ni/ANAZ-CPE 0.1 M NaOH 7.56 x 10* — 82
Fe/FeZM-CPE 0.1 M HCI 7.56 x 10° — 46
Ni-Pd/Si MCP 1 M KOH — 1 47
Pd/PPy composite 0.1 M NaOH — — 48
CuO/Cu/TiO2 nanotube arrays 0.1 M KOH 0.00325 49
Ni/MnPh-CNFs 0.25 M KOH 1.08 x 10° 0.005 This work
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20 wt% CNFs than the

electrocatalysts.

catalyst is higher reported

4. Conclusion

In summary, eco-friendly and cost-effective materials, particu-
larly, nickel nitrate hexahydrates, ammonium dibasic phos-
phate, and manganese acetate were employed to prepare
bimetallic Ni/MnPh-via simple reflux co-precipitation. The
introduction of MnPh to form bimetallic phosphates of NiPh is
a promising approach in increasing the number of accessible
active sites Ni**/Ni*" of redox reactions during formaldehyde
electrooxidation. The electrical conductivity of bimetallic
phosphates catalyst was enhanced by carbon nanofibers owing
to its high surface area. The overall observation is that the
bimetallic Ni/MnPh-CNFs electrocatalyst was characterized by
the higher anodic current response, higher charge transfer rate,
when benchmarked to characteristics of mono NiPh/CNFs
catalyst and toward formaldehyde oxidation because of the
synergistic effect between NiPh and MnPh as well as high
electrical conductive CNFs. Nickel/manganese phosphates-
CNFs achieved salient electrochemical performance for form-
aldehyde electrooxidation in alkaline solution. Therefore,
bimetallic nickel-based catalyst is also expected to be distin-
guished material for fuel cells, oxygen evolution reaction,
hydrogen production, and lithium-ion batteries applications.
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