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1. Introduction

Facile synthesis of Ni-incorporated and nitrogen-
doped reduced graphene oxide as an effective
electrode material for trilammonium) phosphate
electro-oxidation

Nasser A. M. Barakat, {2 1*® Enas Ahmed,® A. A. Farghali,© Mamdouh M. Nassar,’
Gehan M. K. Tolba® and Ayman H. Zaki{2 ¢

Tril@ammonium) phosphate is a cheap and commercially available compound and is used as a fertilizer.
This substance possesses a considerable amount of hydrogen. Recently, it has been found that the
embedded hydrogen could be extracted from trilammonium) phosphate using a Ni/C heterocatalytic
reaction. In this study, for the first time based on our knowledge, extraction of hydrogen from
trilammonium) phosphate was performed electrolytically using Ni-incorporated and N-doped reduced
graphene oxide. The proposed electrocatalyst was prepared by a simple one-pot synthesis procedure.
Typically, a well-mixed nickel acetate tetrahydrate/polyvinylpyrrolidone mixture has been calcined under
a nitrogen atmosphere at 700 °C. X-Ray diffraction (XRD) analyses confirmed the formation of zero-
valent nickel and reduced graphene oxide because of the clear appearance of the corresponding peaks.
Moreover, X-ray photoelectron spectroscopy (XPS) analyses concluded the formation of graphene
sheets functionalized by oxygenated groups and doped by pyrrolic and pyridinic nitrogen; however only
pyrrolic nitrogen has been detected in Ni-free samples. Transmission electron microscopy (TEM) images
indicated the formation of multilayer reduced graphene oxide. Electrochemical measurements indicated
that the prepared composite is an effective electrocatalyst for trilammonium) phosphate oxidation when
the nickel content is optimized. The electrode containing 31.9 wt% Ni shows the maximum generated
current density; however, clear oxidation peaks were observed with 40.2 wt% formulation. Overall, the
study introduces tril@mmonium) phosphate as a model for a new class of hydrogen-rich, cheap and
available substances for hydrogen generation using non-precious electrodes. Besides that, the novel
functionalized and N-doped reduced graphene oxide synthesis methodology may attract attention due
to its distinct simplicity compared to the reported procedures.

source and then utilized as a fuel, either directly in an internal
combustion engine or in a fuel cell, with just water as a

The global shortage of fossil fuels as a result of continued
industrial growth and overpopulation led to the quest for new
and sustainable alternative energy sources." Hydrogen has
received significant attention as one of the most environmen-
tally friendly and efficient energy sources to replace conven-
tional fossil fuels. Hydrogen, unlike fossil fuels, is not
abundant in nature. It may be generated from any main energy
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byproduct.”® Another benefit is that, with the help of suitable
storage technologies, hydrogen can be used for household
consumption since it can be securely delivered by ordinary
routes and stored as compressed gas, cryogenic liquid or solid
hydride to be supplied to stationary fuel cells.*®

For hydrogen production, a wide range of techniques are
available, which may be divided into two groups based on the
raw materials used: conventional and renewable technologies.
The methods of hydrocarbon reformation and pyrolysis are
included in the first category, which processes fossil fuels.
Steam reforming, partial oxidation, and autothermal steam
reforming are the chemical processes used in the hydrocarbon
reforming process. The technologies that manufacture hydro-
gen from renewable resources, such as biomass or water, fall
into the second group. Of course, water is the optimum source

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of hydrogen especially from the environmental point of view,
but the water splitting technology is still far from the wide
commercial scale due to the high cost of the required electrical
energy.” On the other hand, the reported photocatalyst for
the water photo-splitting process did not satisfy all the
requirements.®

Among the reported biomasses, methanol enticed most of
the researchers because nickel-based materials, as non-
precious electrodes, show good activity toward methanol
electro-oxidation.” ™" Actually, nickel-based compounds have
been first proposed as non-precious anode materials for alco-
hol proton exchange membrane fuel cells (APEM FCs) in a
number of papers. However, most of these materials, to the best
of our knowledge, are not suitable for use in fuel cells because
of their high onset potentials.'! Generally, the anode material’s
onset potential should be less than 0.4 V [vs. NHE]; the usual
oxygen reduction potential, because these materials can only
endure alkaline media. Unfortunately, the majority of the
introduced electrodes do not adhere to this constraint.”> As a
result, the researchers chose to use these inexpensive electro-
des in hydrogen production from methanol electrolysis with
small potential compared to water.™

Ammonium phosphate is created in three forms based on
the ammonium content: mono ((NH,)H,PO,), di ((NH,),HPO,),
and tri ((NH,);PO,) ammonium phosphate."* The three forms
can be industrially synthesized by reaction between phosphate
rock and ammonia or nitric acid."™"® In comparison to mono-
and diammonium phosphates, tri ammonium phosphate (TAP)
has the highest hydrogen concentration. The hydrogen concen-
tration of tri, di, and mono ammonium phosphate is typically
8.05, 6.82, and 5.22 wt%, respectively.® In our previous work, a
pure hydrogen gas could be effectively extracted from the
ammonium phosphates using a Ni/C composite catalyst."
Compared to methanol, ammonium phosphates are recom-
mended due to non-toxicity and availability at low cost.

A carbon support for functional materials assists in increas-
ing the electroactive surface area, stability, and catalytic activ-
ities, and decreasing electrode costs; however, improving the
reactant adsorption affinity is the most important advantage. A
variety of carbonaceous materials have been used as supports,
including carbon black,"” active porous carbon,'® carbon nano-
tubes (CNTs),"® graphite,”® carbon nanofibers®"?> and
graphene.'®”® Graphene is one of the most popular support
materials because of its remarkable features, which include
excellent mechanical, electrical, and thermal capabilities,
chemical stability, and a huge specific surface area.”** Gra-
phene can be synthesized by different methods such as
mechanical exfoliation,?® chemical reduction’® and chemical
vapor deposition (CVD).>” The aforementioned procedures are
the most widely used, although they are expensive, provide
modest yields, and take a long time. Anchoring oxygenated
functional groups on the graphene sheets distinctly enhanced
the catalytic activity and this is the main advantage of the
chemical-based methodologies over the other techniques.?®
Fortunately, graphene can also be made from inexpensive
and readily available materials including plastics, dog faeces,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cabbage, plants, fruit and vegetable waste, and industrial sugar
utilizing relatively easy and low-cost procedures.”*”** Therefore,
appropriate treatment of a convenient polymeric material
might result in the production of graphene.

In this study, Ni-incorporated and N-doped reduced gra-
phene oxide has been prepared by a simple one-pot procedure.
Typically, calcination of a well-mixed nickel acetate/polyvinyl-
pyrrolidone mixture under an inert atmosphere leads to the
production of multilayer graphene functionalized by oxyge-
nated groups, simulating the reduced graphene oxide obtained
from graphene synthesis procedures through chemical routes.
Moreover, due to calcination in a nitrogen atmosphere, the
nitrogen present in the polymer chain did not abandon the
formed graphene sheets; instead, it was inserted within layers
in the form of pyrrolic and pyridinic nitrogen. The prepared
catalyst was utilized as an electro-catalyst for tri(ammonium)
phosphate oxidation. The results are promising as the electro-
oxidation process could be performed successfully and high
current density was observed at the optimum nickel concen-
tration. Overall, this new hydrogen-rich substance can be
utilized for sustainable hydrogen production using nickel-
based electrocatalysts.

2. Experimental
2.1 Materials

Nickel acetate tetrahydrate (Ni(CH3;COO)-4H,0, NiAc, 98%
assay), polyvinylpyrrolidone (PVP, high molecular weight),
methanol, trilammonium) phosphate (TAP), isopropyl alcohol,
potassium hydroxide (KOH) and Nafion 117 (10 wt%) were
purchased from Sigma-Aldrich. These chemicals were used as
received without any further treatment. Distilled water was
used as the solvent.

2.2 Electrocatalyst preparation

First, the PVP stock sol-gel was prepared by dissolving a
determined amount of PVP in the corresponding value of DI
to get a 12 wt% solution. Later on, NiAc/PVP solutions were
prepared by dissolving calculated amounts of NiAc in certain
volumes from the prepared PVP stock solution to get solutions
having 0, 1, 2, 3, 4, 5, 7 and 10 wt% NiAc. Then, the prepared
solutions were dried under atmosphere pressure at 80 °C for
24 h. The acquired hard materials were well crushed and then
calcined under a nitrogen atmosphere at 1 atm and 700 °C for

5 h with a heating rate of 2.5 °C min™".

2.3 Characterization

The crystalline structure and internal morphology of the pro-
duced catalyst were determined using an X-ray diffractometer
(XRD, Rigaku, Japan, Cu K (X = 1.5406 A)) and a transmission
electron microscope (TEM, JEOL JEM-2010, Japan, operated at
200 kV), respectively. Thermogravimetric analysis was carried
out using a TA Instruments Q500 TGA, USA, to study the
thermal properties. X-Ray Photoelectron Spectroscopy (XPS,
AXIS-NOVA, Kratos analytical Ltd, UK) analysis was used to
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investigate the surface composition. XPS analysis was carried
out under the following conditions: base pressure, 6.5 x 10 °
torr; resolution (pass energy), 20 eV; and scan step, 0.05 eV per
step. Three electrode cells were used to examine the electro-
chemical characteristics of the produced catalysts. The counter
electrode (CE), reference electrode (RE), and working electrode
in this cell were Pt, Ag/AgCl, and glassy carbon electrode (GCE),
respectively. 2 mg of catalyst was dispersed in 400 pL of
isopropanol and 20 pL of Nafion to make catalyst ink. The
solution was then sonicated for 30 minutes. The functioning
electrode was made by applying 15 pL of catalyst ink three
times to the surface of a clean GCE and drying it for 30 minutes

View Article Online
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at 80 °C. The catalytic activity of the catalyst produced in 1.0 M
KOH solution with varied TAP contents (0, 0.01, 0.03, 0.05, 0.07,
0.1, 0.5 g) in 100 ml deionized water was measured using a
potentiostat (cyclic voltammetry).

3. Results and discussion

3.1 Catalyst characterization

Because it is a crystalline material, XRD is a powerful analytical
technique to prove the formation of reduced graphene
oxide. For the as-obtained metal-free sample (0% Ni; Fig. 1), a
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Fig. 1 XRD patterns for the prepared Ni-incorporated and N-doped reduced graphene oxide powders at different metal contents, namely, 0, 1, 2, 4, 5

and 10%.
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Table 1 Nickel metal crystallite size in the produced catalysts

Ni content (%) 1 2 3 4 5 7 10

Size (nm) 18.54 20.81 20.95 21.44 22.04 22.95 26.22

well-resolved diffraction peak of the (002) plane was found at
24.9° indicating a lattice spacing of 0.36 nm in the generated
nickel-free powder. This value is 0.34 nm in crystalline gra-
phite, and the presence of oxygen functional groups is indi-
cated by an increase in the lattice spacing in the produced
material.*® Moreover, the obtained broad peak that corre-
sponds to a few layers of rGO sheets in the particles indicates
the existence of multilayer domains as well as a few mono-
layered rGO sheets.** Another diffraction peak at 20 of 44.8°
corresponds to the (102) plane of the rGO structure.®!

Among the various kinds of nickel salts, several introduced
reports have concluded that sintering of nickel acetate in an
inert atmosphere leads to the evolution of strong reducing
power gases (H, and CO). As a result, instead of the predicted
metal oxide form, this metal salt is entirely reduced to zero-
valent nickel.>>*® Moreover, the required calcination tempera-
ture for full reduction of the nickel ion was investigated, and it
was estimated via thermal gravimetric analysis through this
study by authors and others; the results indicated that 700 °C
(or higher) calcination temperature is convenient to achieve the
task.**™*® This supposition was further proved in this study as
shown in the nickel-containing samples in Fig. 1. According to
the JCPDS database (Card no. 04-004-6807), the acquired reflec-
tions at 20 values of 44.43°, 51.76° and 76.31°, corresponding to
the (111), (200) and (220) crystal planes, confirm the formation
of pure nickel. The average crystallite size of the metal nano-
particles was calculated using the Scherer equation:

KA
Ly =

~ Bcos(0) (1)

where Ly is the mean particle size, K is a dimensionless shape
factor with a value close to unity, 4 is the X-ray wavelength, f is
the line broadening at the full width at half maximum (FWHM)
in radians, and 0 is the Bragg angle (in degrees). The obtained

200 kV/| X30000
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data are listed in Table 1. As shown in the table, the crystal size
gradually increases upon increasing the metal content, which
reflects the increase in the particle size with an increase in the
nickel amount in the prepared electrodes.

Our earlier study, as well as past attempts, described the
formation of pure metal. According to the following equations,
heating nickel acetate salt in an inert environment produces an
anomalous breakdown of the acetate anion, resulting in the
generation of reducing gases (carbon mono oxide and hydro-
gen) and pure metal:>*™*!

Ni(CH;C0OO),-4H,0 — 0.86Ni(CH;COO0),-0.14Ni(OH),
+0.28CH3COOH +3.72H,0 2)

0.86 Ni(CH3C00),-0.14Ni(OH), — NiCO3 + NiO

+CH;3;COCH; +H,O (3)
NiCO; — NiO+CO, (4)
NiO + CO — Ni+ CO, (5)

Fig. 2 displays the internal structure as investigated using
TEM analysis. Fig. 2A shows that the obtained material is
incorporated by different size nickel nanoparticles. On the
other hand, the high resolution TEM image (Fig. 2B) indicates
the formation of multiple layers of reduced graphene oxide.
The loading of oxygen functional groups on the graphene
sheets causes surface corrugation, which is connected to loca-
lized intrinsic strain.*>*

The chemical states of different elements and the presence
of functional groups were further evaluated using X-ray photo-
electron spectroscopy (XPS). The presence of carbon was mostly
visible in the survey scan spectra of all samples with small
peaks representing nickel, nitrogen and oxygen (the full survey
spectra are not shown). The C1s peaks obtained in the survey of
the nickel, free and containing (5%), samples were de-
convoluted into three chemically shifted segments (Fig. 3a
and b).*»*" The first segment was assigned to the non-
oxygenated carbon of C-C/C-H representing the graphene
structure.*** This conclusion is well supported by XRD and
TEM analyses. The second segment described the interaction of

59 o

_ S

Fig. 2 TEM images at two magnifications for the prepared Ni-incorporated & N-doped reduced graphene oxide composite (5% Sample).
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carbon atoms with oxygen in either hydroxyl (C-OH) or epoxide
(C-0) functional groups. The carbonyl (C—=0) was identified in
the third segment, which corresponds to the carbon functio-
nalized in COOH. It is worth mentioning that the ratio of the C-
C peak intensity to the sum of the second and third peak
intensities became very small upon the existence of nickel
which indicates a higher content of oxygen functionalities in
the nickel-containing sample. This is presumably associated
with the known catalytic activity of nickel nanoparticles. In
other words, the presence of nickel results in catalyzing C-O
bond formation reactions.

= Raw data
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I T T T T T
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Deconvolution of the singlet O1s peaks into distinct seg-
ments was used to look into the phenolic functional groups. As
shown in the metal-free rGO (Fig. 3C), three segments are
observed, namely, C—O (oxygen double bond to aromatic
carbon), C-O (oxygen single bond to carbon), and C-OH
(carbon single bond to the hydroxyl group). On the other hand,
besides the aforementioned three groups, the presence of
nickel results in having a new oxygenated group (C-O-C) as
shown in Fig. 3D. Moreover, incorporation of nickel nano-
particles results in chemical shifting of similar peaks from
531.1, 535.9, and 532.5 eV to 529.87, 530.89 and 532.38 eV for
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Fig. 3 XPS analysis results for pristine and Ni-incorporated and N-doped reduced graphene oxide: Cls, Ols and N1s spectra of the Ni-free sample are
displayed in panels (A, C and E), and those of the Ni-incorporated (5%) sample are depicted in (B, D and F), respectively.
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the Ni-free and -containing samples, respectively. This finding
suggests lower binding energies and higher electronic charges
on the oxygen atoms. Overall, the phenolic (C-OH) group is the
dominant oxygenated group in both formulations. However,
besides the appearance of the carbonyl (C—O) group, the
presence of nickel nanoparticles led to the enhancement of
the oxygen atom insertion inside the carbon network as the
C-0O-C/O-C=0 peak ratio increased from 0.198 to 1.553 for the
Ni-free and -containing samples, respectively. Therefore, it can
be claimed that the presence of nickel nanoparticles enhances
the oxidation of the reduced graphene oxide.

N-Vinylpyrrolidone (the monomer of the used PVP polymer)
consists of a 5-membered lactam linked to a vinyl group.
Accordingly, the nitrogen atom is a main constituent in the
polymer chain. Fig. 3E and F confirms the presence of the
remaining nitrogen atoms after the proposed calcination pro-
cess. Typically, deconvolution of the singlet N1s peaks results
in the appearance of pyrrolic and pyridinic nitrogen in the case
of the nickel-free sample. However, only pyrrolic nitrogen could
be observed due to metal-incorporation. Therefore, similar to
oxygen, nickel forced nitrogen to be inserted inside the carbon
atom network.

Thermal gravimetric analysis (TGA) can help in understand-
ing the changes in the sample weight during the calcination
process. Moreover, the first derivatives of TGA data can strongly
detect the variations in main temperatures. Fig. 4A displays the
TGA pattern along with the first derivatives for the original
NiAC/PVP mixture (5 wt% sample) under a nitrogen atmo-
sphere. As shown in the figure, a little decrease in the weight
started at ~71 °C and continued until 140 °C which reflects a
clear peak in the first derivative plot at ~88 °C. This slight
decrease in weight can be explained as evaporation of the
physical and the bonded with the metal precursor (nickel
acetate tetrahydrate) waters. Later on, a relatively no weight
change was observed until the appearance of another small
peak at 311.7 °C in the first derivative chart, representing a
further decrease in weight. This peak is attributed to the
decomposition of nickel acetate according to eqn (2)-(5).>™*
Then, polymer degradation tends to have a sudden and sharp
decrease in weight which is represented by a high intensity

——TGA data
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Table 2 Nickel contents in the prepared Ni-incorporated and Ni-doped
reduced graphene oxide powders

NiAc in the original mixture
(%) 1 2 3 4 5 7 10

Ni in the final powder (%) 8.26 15.39 21.61 27.08 31.93 40.16 49.76

peak in the first derivative plot at 432.5 °C. Finally, a trivial
change in weight can be observed which cannot be detected in
the first derivative chart. Fig. 4B depicts the TGA pattern of the
obtained Ni-incorporated rGO (5 wt% sample) under an oxygen
atmosphere. The gradual increase in weight is understandable
as it represents the oxidation of nickel by oxygen in the
surrounding atmosphere. Later on, the combustion of the
carbonaceous materials results in a high decrease in weight.
Finally, the absence of any combustible substances and the
high thermal stability of the formed oxide (NiO) give steadiness
for weight with the temperature change. As shown in the figure,
the last weight percentage of the remaining sample is about
41.6%. It is difficult to expect the reduced graphene oxide to
withstand any amount at 700 °C under an oxygen atmosphere;
instead, complete combustion of the carbonaceous material is
highly predicted. Then, it is safe now to claim that the remain-
ing mass is mainly nickel oxide. Therefore, a simple calculation
can be performed to estimate the nickel content in the initial
Ni-incorporated and N-doped rGO. Accordingly, the nickel
contents in all samples were estimated and are summarized
in Table 2. Accordingly, as can be concluded from the TGA
results, nickel was formed before polymer degradation so it is
believed that the formed Ni NPs catalyzed the formation of
more oxygenated groups and showed enhanced nitrogen
doping.

The surface areas of the prepared composites have been
determined using a BET surface area analyzer (Microtrac, USA)
based on Brunauer, Emmett and Teller theory. Table 3 sum-
marizes the obtained results. As shown, increasing the nickel
acetate content in the initial PVP/NiAc solution resulted in
enlarging the total surface area of the produced Ni/rGO com-
posite. However, the 3% metal precursor content is considered
a threshold as a little enhancement in the surface area was
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Fig. 4 Thermal gravimetric analysis of the dried NiAc (5 at%)/PVP composite under a nitrogen atmosphere; (A), and of the produced powder after the
proposed calcination process (under N, at 700 °C) under an oxygen atmosphere.
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Table 3 Surface areas of the prepared Ni-incorporated and Ni-doped
reduced graphene oxide powders

NiAc in the original
mixture (%) 0 1 2 3 4 5

Surface area (m2 gfl) 0.0121 2.4894 2.5145 17.6089 60.9066 91.7411

obtained in the cases of 1 and 2% samples while a considerable
change was starting from 3% NiAc. Therefore, it can be
hypothesized that increasing the metal precursor content leads
to a decrease in the thickness of the produced reduced gra-
phene oxide layers, resulting in an increase of the produced
surface area. To clearly understand the aforementioned hypoth-
esis, Fig. 5 presents a conceptual illustration of the preparation
mechanism of the proposed electrocatalyst. Briefly, an increase
in the NiAc content in the mother solution shows the presence
of this precursor in the form of numerous very thin films inside
the dried PVP/NiAc fine particles. Accordingly, due to the
formation of many gases upon decomposition of this metal
acetate, a thin layer of rGO is produced as is illustrated in the
figure.

3.2 Electrocatalytic activity

3.2.1 Catalyst activation. As previously indicated, nickel-
based electrocatalysts must be activated before being employed
in electrocatalytic processes. Sweeping nickel-based electroca-
talysts in an alkaline solution is a simple way to activate them.
In this sense, the voltammograms of the activation process
show two zones: the first reflects nickel oxidation as defined by
eqn (6). It is worth noting that the corresponding peak is
usually small in the first cycle and then vanishes in the
subsequent ones.*

Ni+20H™ «— Ni(OH), + 2¢ (6)

The second redox reaction can be seen on the positive
potential side; the matching peaks are conspicuous and are
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Fig. 6 Cyclic voltammogram representing the activation of the 5 wt%
sample in 1.0 M KOH.

due to the redox Ni(OH),/NiOOH transition (eqn (7)).**™*®

Ni(OH),+OH™ «— NiOOH + H,0 +¢ (7)

Increasing the number of potential sweeps produces an
increase in the peak current density, leading to the eventual
formation of a thicker Ni(OOH) layer due to the entry of
hydroxide ions into the Ni(OH), surface layer.*> The redox
peaks corresponding to the Ni(OH),/Ni(OOH) transition are
clearly visible in Fig. 6 as illustrated, at around 0.235 and
0.431 V. As a result, it can be said that the produced catalyst
has been coated with a thin coating of Ni(OOH)/Ni(OH), and is
ready to catalyze electro-oxidation processes.

3.2.2 Electro-oxidation of trilammonium) phosphate
(TAP). Fig. 7 displays the cyclic voltammograms of commercial
nickel nanoparticles and the prepared Ni-incorporated and N-
doped rGO samples in the presence of different concentrations
of TAP in 1.0 M KOH solutions. As shown in Fig. 7A and B,
neither pristine nickel NPs nor Ni-free and N-doped rGO
samples possess any considerable activity toward the electro-
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NPs/graphene
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particles

Fig. 5 Conceptual illustration showing the formation mechanism of the introduced Ni/rGO composite.

2766 | Mater. Adv., 2022, 3, 2760-2771

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01069g

Open Access Article. Published on 07 February 2022. Downloaded on 12/3/2025 12:44:10 AM.

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

(cc)

View Article Online

Paper Materials Advances
25 70
284 ——001g TPA —0.01 g TAP —0.01 g TAP
003 g :I:l’r\ —0.03 g TAP 604 —0.03 g TAP
i~ 24 —005g TRA ~ 07 —0.05gTAP —~ —0.05g TAP
£ —007g TPA £ —0.07 g TAP £ 501 _0.07gTAP
9 04 —01 g TPA < 0.1 o TAP = y
< 05 g TPA < 154 gl ey 4 4] 01 gTAP
E " £ —0.5 g TAP g — 0.5 gTAP
2 & > ]
= £ 104 g9
g 124 5 g
< < 2 204
s 84 £ s =
s s £ 104
- -
£ 4 E ]
3 SAN'E B [SEE ,
2 — 1
0 - 104 1 1 c
1 1
T T T T T T T T S T T T T T T T T T — T T
00 01 02 03 04 05 06 07 08 0.2 0.0 0.2 0.4 0.6 0.8 0.2 0.0 0.2 0.4 0.6 08
Potential (V) [Ag/AgCl| Potential (V) [Ag/ACI] Potential (V) [Ag/ACI]
70
—0.01 g TAP 50 —0.01 g TAP 754 —0.01 g TAP
604 —0.03 g TAP —0.03 g TAP —0.03 g TAP
o —0.05g TAP _ 40 — 0052 TAP 604 __0.05g TAP
g 504 __0.07 g TAP = —0.07 g TAP ~E —0.07 g TAP
< 40 0.1 g TAP S 5 0.1 gTAP b 454 0.1 g TAP
£ —0.5 g TAP < 1—05 gTAP < —0.5 g TAP
£ £ E 304
£ 304 g ~
'z 2 204 z
z g - IRTY
2 204 g S
- = 104 =
S 10 = FEE
B 3 <
s = 04 - 1
o 04 = ] -15 1
. D|° 7. =
1
-104 1 10 1 E 1 F
1 H 1 ey : 1
0.2 0.0 0.2 0.4 0.6 0.8 0.2 0.0 02 0.4 0.6 0.8 0.2 0.0 0.2 0.4 0.6 0.8
Potential (V) [Ag/ACI| Potential (V) [Ag/ACI| Potential (V) [Ag/ACI|
15
80 3
100 —0.01 g TAP
—0.01 g TAP —0.01 g TAP g 33 g TAP
804 —0.03 g TAP —0.03 g TAP 124 —99°8
E 0.05g TAP 604 —0.05gTAP = — g.gg g I:::
S 7 —o007gTAP = —0.07g TAP g o o o
T w 0.1 g TAP 2 i 0.1 gTAP 3 0.1 g TAP
= —0.5 gTAP E —0.5 g TAP E (| 0.5 g TAP
.é 20 = z
2 . Z
< 0 2 2 5 3
5 2 z
2 -20 = =
5 g g 01
O 40 H] =
] O,
-60 -20 )
T T J ¥

T T T y
-0.2 0.0 0.2 04 0.6 0.8 -0.2 0.0 0.2
Potential (V) [Ag/ACI|

Potential (V) [Ag/ACI|

T T T T
-0.2 0.0 0.2 0.4 0.6 0.8
Potential (V) [Ag/ACI|

T
04 0.6 0.8

Fig. 7 Electrocatalytic activity toward trilammonium) phosphate at different concentrations for pristine nickel nanoparticles; (A) and for the prepared Ni-
incorporated and N-doped reduced graphene oxide composite at different nickel contents; 0; (B), 1; (C), 2; (D), 3; (E), 4; (F), 5; (G), 7; (H) and 10; (I). Scan

rate is 50 mV st and temperature is 25 °C.

oxidation of TAP. It is important also to point to the disap-
pearance of the redox peaks of the Ni(OH),/Ni(OOH) transfor-
mation in the cyclic voltammograms of nickel NPs although
KOH solution is the used electrolyte.

As shown in the remaining panels in Fig. 7, the electro-
catalytic activity of the Ni-containing composites mainly
depends on the metal content. For 1 and 2 wt% samples
(Fig. 7C and D), clear redox peaks appear with a considerable
shift from the Ni(OH),/Ni(OOH) transformation peaks. Typi-
cally, the oxidation and reduction peaks of the Ni(OH),/
Ni(OOH) transformation are observed at 0.431 and 0.235 V,
respectively. However, the oxidation and reduction peaks in the
cases of utilizing 1 and 2 wt% samples as electrodes for TAP
oxidation appeared at 0.491 and 0.482 V, and 0.375 and 0.371V,
respectively. That means more energy was required to perform
the redox reaction representing these peaks compared to that
required for the simple Ni(OH),/Ni(OOH) transformation. How-
ever, the generated current densities are relatively small with
these two electrodes with a small impact on the TAP solution

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

concentration. No considerable change in the peak current with
the TAP concentration change infers that the reaction kinetics
is the main controlling step in the oxidation process using
these electrodes.

Increasing the nickel acetate content in the original NiAc/
PVP solution to 3 wt% did not enhance the generated current
compared to the first two formulations; however, the oxidation
peak became wide with a flat head starting from 0.395 V and
ending at 0.491 V as shown in Fig. 7E. Moreover, increasing the
TAP content shows an observable increase in the current
density.

The second two electrodes (4 and 5 wt% samples; Fig. 7F
and G, respectively) show high peak current densities (espe-
cially 5 wt% electrode) with Gaussian shaped peaks. Further-
more, for the electrodes displaying high current densities, the
peak potentials are close to Ni(OH),/Ni(OOH) transformation
peaks while a negative shift can be seen in the reduction peak
of the 4 wt% electrode. Also, for both formulations, the oxida-
tion peak potential moves to the positive direction upon
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increasing the TAP concentration. The faradaic current is a
direct measure of the rate of the electrochemical reaction at
the electrode surface in general. Furthermore, the pace at
which the material moves from the bulk of the solution to
the electrode affects the current. Diffusion occurs satisfactorily
at low TAP concentrations, while the diffusion process is
disturbed at high concentrations. In this situation, mass trans-
portation will be disrupted; thus, to compensate for these
issues and restore mass transport, the electrochemical
system would apply additional potential, shifting the peak
potential.*®

Close to the behavior of the 3 wt% electrode (Fig. 6E),
the electrode prepared from an original NiAc/PVP solution
containing 7 wt% metal precursors strongly supports the TAP
electrooxidation process as the behavior resembles the electro-
oxidation of alcohols over the Ni-based electrodes, Fig. 7H.'"°
The obtained ascended peak indicates the oxidation of a
substance and other formed intermediates from the oxidation
reactions.’® In the same fashion, the last electrode (10 wt%;
Fig. 71) confirms the electrooxidation of TAP over the proposed
electrodes. However, there is a distinct dependence on the TAP
concentration as shown in the figure; there is a high improve-
ment in the generated current density upon increasing the TAP
content in the electrolyte solution which concludes that the
mass transfer process is the main controlling step for the
electrooxidation of TAP over this electrode. This finding reflects
the high catalytic activity of the used electrode. Moreover, it is
worth mentioning that TAP is an ionic compound, so adsorp-
tion is an important operation in the electrocatalytic oxidation
process. Therefore, pristine nickel does not have activity
because it does not have adsorption capacity and the Ni-free
catalyst does not have catalytic activity. Consequently, both
formulations did not exhibit electrocatalytic activity toward TAP
oxidation.

3.2.3 Influence of the nickel content. Adsorption and
chemical reaction processes are considered to be involved in
electro-oxidation processes. As a result, the support material’s
adsorption capability is crucial. The metal content of functional

View Article Online

Paper

metal nanoparticles used to adorn reduced graphene oxide
should be modified as a consequence. If the quantity is
increased beyond the optimum level, the support material
may become completely coated, obviating the support’s adsorp-
tion characteristics. The low content, on the other hand, has a
negative influence on the chemical reaction kinetics. To help
analyse the influence of the nickel content in the introduced
catalyst, Fig. 8A displays the electrocatalytic behaviors of all the
produced samples in the presence of 0.5 g TAP. As seen in the
graph, the ideal nickel level is 5 wt%. The greatest current
density corresponds to a 5 wt% sample in both the forward and
backward directions, as shown. Fig. 8B summarizes the
obtained results as it displays the relationship between the
current peak and the nickel acetate content in the used NiAc/
PVP solution to prepare the proposed electrodes. As is clear,
the electrode obtained from a mother solution having 5 wt%
NiAc reveals the highest current density and consequently the
best performance. Based on previous reports, N-doping can
improve the activity of Ni-based electrocatalysts®*; however,
the presence of Ni is mandatory because the electrooxidation
reactions are based on Ni(OOH) species as was explained in
Section 3.2.1.

3.3 Electro-oxidation mechanism

Because this is the first time TAP electro-oxidation has been
discussed in the literature, the electro-oxidation mechanism
will be anticipated using the obtained data and analogous to
the electro-oxidation of other substances. Chemical tests
revealed that hydrogen may be recovered from TAP with the
generation of nitric and phosphoric acids as byproducts,
according to a previous study.”® TAP is a rather complicated
molecule; hence its electro-oxidation process is unlikely to
follow a straightforward path. As shown in the previous sec-
tions, in the case of nickel-containing electrodes and at
50 mV s~ ! scan rate, the electro-oxidation of TAP accompanied
redox peaks around those representing Ni(OH),/Ni(OOH) transfor-
mation. Therefore, it can be expected that Ni(OH), and Ni(OOH)
are reactants and/or products in the TAP electrooxidation reactions.

80
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rate is 50 mV st and temperature is 25 °C.
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Table 4 Overall order of TAP electrooxidation reactions (k) using the
proposed Ni-incorporated and Ni-doped reduced graphene oxide

powders
NiAc in the original mixture (%) 1 2 3 4 5 7 10
k o o0 04 0O O 05 03

Consequently, the electro-oxidation reactions can be explicated
as follows:

(NHy4),PO,4 + Ni(OH), + 9H,O — Ni(OOH)
+3HNO; + H3PO, + 25H" + 25¢ (8)

(NHy4),PO,4 + Ni(OOH) + 9H,0 — Ni(OH),
+3HNO; + H3;PO, + 23H " +23¢ 9)

The overall orders of the TAP electrooxidation reactions were
estimated by detecting the algebraic model describing the rate
of the concentration change. However, due to the difficulty in
utilizing the TAP concentration change because it is too small
to be monitored analytically, hydrogen production rate, which
was estimated from the current density, was exploited in the
kinetic calculations. The overall orders of TAP electro-oxidation
reactions were determined from the following equations:

dCy
ke 10
dt CA ( )
Cy ‘
J df} : [kdz (11)
Cay (&) 0

Integration of this equation is based on the order of reaction
n as follows:

When n =1 ln& =kt (12)
Ca
1 1-n 1-n| __
When 1+ 1 E[CA -cl ] =kt (13)

Table 4 summarizes the obtained overall order of reaction
values according to the highest R-squared factor (R?; it indicates
the percentage of the variance in the dependent variable that
the independent variables explain collectively). As shown,
almost the overall order of reactions for all formulations is
zero. This finding is understandable due to the very small size
of the used catalyst compared to the amount of the TAP
concentration.

Understanding the effects of the scan rate will help in better
grasping the peculiarities of redox processes. The difference
between the potentials of the oxidation and reduction peaks
(AE,), for example, is independent of the scan rate for
rapid electron transport in reversible electrochemical pro-
cesses. Increasing (AE,) values as a function of the scan rate,
on the other hand, shows the presence of electrochemical
irreversibility.>* Furthermore, given reversible electron transfer
processes in both directions, the peak current recorded for the
return potential scan should be identical to that observed for
the forward potential scan if the product is stable on the time

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

View Article Online

Materials Advances

20— 10 mV/s

100 - =200 mV/s
500 mV/s
80 | ——800 mV/s

50 mV/s

300 mV/s
600 mV/s
900 mV/s

~———100 mV/s
400 mV/s
700 mV/s
1000 mV/s

60
40
20+
0
204
-40 -
-60 -
-80
-100

Current density (mA.cm'z)

T

-0.2 010 012 014 016 0.8
Potential (V) [Ag/AgCl]
Fig. 9 Effect of the scan rate on the cyclic voltammogram of the electro-

oxidation of TAP using Ni-incorporated and N-doped graphene oxide
(5 wt% sample).

scale of the experiment. As a result, redox peaks appear in both
the forward and reverse directions for simple electrochemical
reactions at any scan rate; the nature of the reaction may be
determined from the peak potentials and current densities.>”

Fig. 9 shows the effect of changing the scan rate on the
electrocatalytic activity of a 5 wt% electrode for TAP oxidation
(0.5 g). The redox peaks are clearly visible at low scan rates, as
seen in the figure, indicating that relatively simple oxidation
processes are taking place at low electron transfer rates. How-
ever, if the scan rate is increased, the peaks get wider, implying
that numerous reactions can be carried out concurrently while
the electron transfer rates are increased. Furthermore, the
peaks totally vanish at high scan rates (500 mV s ') with very
low onset potentials. As a result, at high scan rates, it can be
said that the electro-oxidation mechanism does not follow the
given equations (eqn (8) and (9)). In other words, the proposed
mechanism is only trustable at low scan rates. Finally, the
change in scan rate analysis shows that if TAP electro-oxidation
is carried out at high scan rates over the suggested Ni-
incorporated and N-doped reduced graphene oxide electrode,
a minimal bias is required and the hydrogen gas produced is
high due to the high current density generated.

Overall, this study calls researchers’ attention to ammonium
phosphate fertilizer as a cheap, plentiful, and practical
chemical for hydrogen production in small bias-electrolysis
cells utilizing nickel-based electrodes.

4. Conclusions

A Ni-incorporated and N-doped reduced graphene oxide elec-
trode can be prepared by sintering a well-mixed polyvinylpyrro-
lidone polymer and nickel acetate mixture under an inert
atmosphere at elevated temperature. Decomposition of the
metal acetate results in producing reducing gases (hydrogen
and carbon mono-oxide gases) that lead to the complete
reduction of the metal salt to zero-valent nickel. The formation
of nickel nanoparticles catalyzes the decomposition of the
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polymer as it results in improving the functionalization of the
graphene sheet by several kinds of oxygenated groups as well as
doping the carbon support by pyrrolic nitrogen. The electro-
oxidation of tri(ammonium) phosphate can be done with the
proposed Ni-incorporated and N-doped reduced graphene
oxide electrodes. However, in order to get the highest current
density, the nickel content must be tuned; the ideal amount is
that corresponds to the original nickel acetate/polyvinylpyrro-
lidone solution containing a 5 wt% metal precursor. Overall,
the idea of this study is still in its early stages; further effort is
required to develop innovative nickel-based electrocatalysts
that will increase hydrogen production from ammonium
phosphates.
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