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The development of catalytically dynamic, self-supporting, and cost-effective electrodes equipped with
efficient trifunctional catalytic microarchitectures is pivotal in addressing the emerging demands of the
healthcare and energy sectors. For the first time, this research reports the strategic integration of three-
dimensional Se and P-fused NiSeP (NSP) microflakes with CuFe (CF) composite cubes anchored over an
inherently capacious nitrogen-doped carbonized wood (NCW) (NSP-CF@NCW) and explores the impact
of diverse strategies of electron and microstructural engineering of electrocatalytic sites on the
trifunctional performances for enzyme-free urea sensing and urea electrolysis. Among the array of built
electrodes, the NSP-CF@NCW electrode exhibits excellent multifaceted electrocatalysis ability triggered
by the synergistic effects of highly voluminous and interconnected NSP flakes anchored over the CF
composite, which results in unique electron channeling for efficient electrocatalytic kinetics. The NSP-
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CF@NCW electrode as a urea sensor exhibits momentous sensitivities of 33.1 and 7.0 mA mM~t cm™
accompanied with the corresponding broad linear ranges of 0.01-0.5 mM and 0.5-9.0 mM, respectively,

Received 21st March 2024
Accepted 4th June 2024

2

and a detection limit of 0.0085 mM (S/N = 3). Moreover, as a urea electrolyzer, the best-performing
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Introduction

The sustainable progression of humankind is now closely
intertwined with the simultaneous advancement of the
personal healthcare domain through the integration of
economically viable, resilient, and rapid biomolecule sensing
technologies and the energy landscape that is seamlessly
capable of assimilating renewable and green energy
provisions.'” Over the last decade, the domain of biosensors
has witnessed a rapid advancement in the monitoring and early
screening of countless life-threatening conditions caused by the
abnormal levels of important biomolecules in the human body.
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electrode requires an overpotential of 1.49 V to deliver a high current density of 50 mA cm
210 mV lower than that required for the standard alkaline water splitting reaction.

~2, which is

Urea is a principal end-product of protein catabolism and plays
a crucial role as a key indicator in assessing the dynamic
functioning of the kidney and liver.** The standard physiolog-
ical level of urea in the human body ranges between 2.6 and
6.5 mM, and any deviation from this ideal level such as high
concentrations might be associated with severe health compli-
cations comprising chronic kidney disease, gastrointestinal
bleeding, urinary tract obstruction, shock, and dehydration,
whereas low levels of urea cause cachexia, hepatic failure, and
nephrotic syndrome.*® Thus, it is greatly essential to develop
a rapid, simple, and efficient tool to identify and prevent the
abovementioned serious health issues caused by abnormal urea
levels.

Electrochemical urea sensors have demonstrated promising
urea sensing capabilities with effective selectivity, ease of on-
site assessment, and improved shelf-life. Accordingly, enzyme-
free urea sensors (EFUSs) in recent years have attracted deep
attention from researchers owing to their beneficial features
such as high sensitivity and selectivity, ease of fabrication,
simple operation, excellent reproducibility, concrete stability,
anti-interference capabilities, and low cost.** Despite the
ample research endeavors explored in the landscape of EFUSs,
the utilization of stereotypical current collectors such as glassy
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carbon, gold, and platinum electrodes require electronically
insulating binders for the effective attachment of electroactive
urea sensing materials. This approach not only augments the
overall cost of electrode fabrication but also limits the efficiency
of the sensor by triggering the impeded electron transfer
between the current collector and the support; besides, their
instability under electrochemical cycling and non-disposable
behavior  bring  complexities in  their  practical
implementation.””™* Thus, directly decorating the surface of
sustainable and renewable current collectors with highly active
electrocatalytic materials is promising for the fabrication of
EFUSs capable of performing effective urea assessment via
inducing the urea oxidation reaction (UOR) on the active cata-
lytic surface.

Biomass wood has recently attracted immense attention as
a potential candidate for the construction of a highly conduc-
tive, eco-friendly, cost-efficient, and robust catalyst support that
is naturally built with inherent three-dimensional (3D) porous
multi-channels providing sufficient surface area for docking
electroactive catalytic materials. This environmentally benign
natural biopolymer can be readily converted into advanced
carbon supports via a high-temperature carbonization process
and functionalized by facile in situ nitrogen doping to establish
momentous surface wettability.”®** Therefore, the binder-free
decoration of catalytic materials over the hollow carbon multi-
channels of nitrogen-doped carbonized wood (NCW) elec-
trodes obtained via the high-temperature pyrolysis of renewable
raw wood would be highly promising for the construction of
effective EFUSs.

On the flip side, the rapidly growing energy demands and the
exhaustion of fossil fuel sources by polluting the environment
have inspired researchers to urgently develop practically viable
eco-friendly energy technologies.”>" Electrochemical water
splitting (EWS) involving hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), respectively occurring at
the cathode and anode has been proven to hold great potential
to meet the ever-growing energy needs by providing hydrogen as
the promising and sustainable energy carrier.”**® However,
concerning these two half-cell reactions, the OER (4OH™ —
2H,0 + O, + 4e") at the anode requires a higher overpotential
than its theoretical ideal value (1.23 V versus reversible
hydrogen electrode, labeled as RHE) owing to its sluggish
dioxygen formation kinetics, which hinders the wide-spread
practical implementation of EWS.****  Consequently,
substituting the sluggish OER with the more thermodynami-
cally and kinetically favorable advanced anodic reactions
employing other small molecules is revolutionary in light of
promoting power-to-gas technology to produce the environ-
mentally benign fuel. The UOR (CO(NH,), + 60H~ — N, + CO,
+5H,0 + 6e ) has recently gained momentum in the landscape
of energy-efficient H, production owing to its encouraging ultra-
low theoretical voltage (0.37 V vs. RHE), global abundance,
nonflammability, nontoxicity, ease of transportation and
storage.>**® However, regardless of the aforementioned advan-
tages, considerable attention should be paid to tap the
momentous potential of UOR-assisted water splitting by
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developing and advancing a highly active catalytic system to
realize the vision of energy-efficient and costviable H,
production.

Among the various precious/non-precious electrocatalysts,
nickel-based catalytic structures have been extensively studied
as remarkable UOR-active materials owing to the facile forma-
tion of bridged conformation between urea and catalytically
active Ni*" triggered by its alliance with vacant d-orbitals. In
addition, through experimental observations, Botte et al. found
that the formation potential of Ni** from the Ni** phase in an
alkaline environment is nearly located at the electrolysis
potential of urea.>*** However, the aforementioned mono-
metallic Ni-based electrocatalysts deliver limited UOR kinetics
owing to the elevated onset potential, thermodynamic insta-
bility of the catalytically dynamic Ni** phase, elevated surface
poisoning effect, and inferior chemical robustness during
electrochemical cycling in a harsh alkaline medium. Thus, the
fabrication of UOR electrocatalysts with optimal multi-
elemental and multi-interfacial architectures that hold the
potential to eliminate the abovementioned technical barriers
toward momentous UOR by demonstrating encouraging leaps
in elevated electrocatalytic activity is highly indispensable.

Accordingly, in recent years, transition metal selenides
(TMSs) exhibiting excellent structural and material properties
have set a promising benchmark for remarkable electrocatalytic
performances in distinct realms of electrochemical applica-
tions. Mainly, the analogies observed in the electronic archi-
tecture of selenium (Se) 3d orbitals with 3s and 3p orbitals of
transition metal atoms endow strong metal-like properties to
TMSs, which embarks their high electronic conductivity, lower
energy band, and momentous redox activity.**** Despite these
significant advantages, the inferior exposed active sites and
critical corrosion followed by dissolution in harsh electrolyte
environments severely hampers TMS's efficiency towards
achieving excellent electrochemical activity and concrete
cycling stability.>* Amid the various strategies employed to
amplify the competent redox capability and long-term stability
of TMSs, including defect engineering, morphological tuning,
and phase modification, tailoring of the electrocatalytic surface
with heteroatom decoration, particularly with phosphorus (P)
atoms, has been a promising strategy to manipulate the elec-
tronic environment as well as introducing the synergistic dual
anion effect targeted towards marked augmentation of catalytic
activity and stability, simultaneously.*® The incorporation of P
atoms with an inherent Pt mimicking electron framework
equipped with high-valance state re-engineers the electronic
architecture of TMS by modulating the Fermi-level and d-band
center of metal atoms and plays a crucial role in elevating the
kinetics of electrocatalytic reactions. In addition, the modula-
tion of the electron density around the Se, P-dopants intensifies
the strength of the metal-Se bond in TMSs and remarkably
enhances its stability characteristics.’*>®

Moreover, the multicomponent interface engineering of the
conductive substrate with electronically active materials to dock
the catalytically dynamic structures is deemed to be a favorable
approach that affords robust catalyst anchoring sites, maxi-
mizes the exposed surface area, manipulates the electronic

This journal is © The Royal Society of Chemistry 2024
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architecture of active structures and enhances the remarkable
electron transfer characteristics for a targeted electrochemical
reaction. In principle, at the catalytic site, the process of
dynamic reaction occurs via the rapid adsorption and desorp-
tion of reactants and products, and the electronic framework of
such active sites determines the kinetics of the catalytic reac-
tion. Creating a heterointerface between the two electroactive
active phases can manipulate the interfacial electronic envi-
ronment by inducing the re-distribution of electrons and
amplifying the density of available catalytic active sites, thereby
promoting the electrocatalytic reaction.***° Researchers also
discovered that strong interfacial interaction between two
dynamic components can result in novel physiochemical
properties such as synergistic electronic effect, activation and
stabilization of catalytic active sites, and optimization of the
free energy of adsorption and desorption of reaction interme-
diates and products for efficient electrocatalytic activity.** By
virtue of the abovementioned advantages, the construction of
unique electroactive microarchitectures including discrete
heterointerface conjoining the NCW and the catalytically
engaged architectures is highly crucial. Not only does this
interface serve as a novel catalyst docking platform but it is also
capable of engineering the electronic framework of catalytically
responsive microstructures that result in the elevation of cata-
lytic activity.

The first-row transition metal oxides, layered double
hydroxides (LDH), and mixed-metal composites attract consid-
erable attention from researchers as electroactive materials due
to their advantages including effective electron transfer char-
acteristics, ample precursor availability, tunable chemical and
electronic frameworks, excellent electronic conductivity,
tunable bandgap, and low cost.**** Particularly, in the context
of mixed-metal composites, the synergy between the two
different electron-rich metal constituents within a bimetallic
framework establishes unique electronic and geometrical
phenomena that can synergistically control and optimize the
demanded electronic architecture when in conjunction with the
catalytically active materials. Although diverse mixed-metal
composites such as NiFe LDH, NiCo LDH, NiCo nanowire
arrays, NiMo nanorods, and CuFe have found applications in
distinct electrochemical contexts, there exist no admirable
research endeavors focused on employing CuFe bimetallic
composites as electron engineering platforms to augment the
catalytic activity of the grown electrocatalysts towards UOR.**>°

Even though the catalysts hold the potential to simulta-
neously execute the catalysis of more than one reaction, ample
research endeavors focus only on the design and development
of electrocatalysts for a single targeted function, and thus, the
true multifunctional potential of the fabricated system is left
untapped. Recently, plenteous different studies of these tri-
functional electrocatalysts were reported in detail by Balogun
and co-workers including catalysts for overall water splitting
and diverse battery technologies.”** These reports profoundly
validate the importance of trifunctional electrocatalysts in the
rapidly blooming energy sector. The construction of multi-
functional electrocatalysts not only remarkably simplifies the
process of design and advancement of a single catalytic material

This journal is © The Royal Society of Chemistry 2024
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for more than one purpose but also reduces the cost of catalyst
fabrication, conserves energy, and paves the path for the
commercialization of impressive electrochemical technologies.
Consequently, for the first time in the literature, this research
reveals the strategic integration of 3D Se and P-decorated NiSeP
(NSP) microflakes with CuFe (CF) composite cubes directly
docked over the capacious carbon multi-channels of NCW
scaffolds (NSP-CF@NCW) (Fig. 1), and explored the impact of
diverse electron framework and microstructural engineering of
electrocatalytic sites towards the multifaceted EFUS and urea-
assisted water electrolysis. Besides, other control electrodes
including NCW, CF@NCW, Ni(OH),@NCW, Ni(OH),-
CF@NCW, and NiSe-CF@NCW (NS-CF@NCW) electrodes were
fabricated. The chemical compositions and microstructural
features of the as-constructed binder-less, free-standing, and
sustainable trifunctional electrodes were studied with distinct
spectroscopic and microscopic techniques. The multi-
dimensional electrocatalysis of the prepared electrodes toward
the EFUS and urea-assisted water electrolysis is exploited with
corresponding electrochemical investigations. The best-
performing NSP-CF@NCW electrode exhibits impressive
sensitivities of 33.1 and 7.0 mA mM ™' cm ™2, covering the cor-
responding linear ranges of 0.01-0.5 mM and 0.5-9.0 mM, with
a detection limit of 0.0085 mM (S/N = 3) as a urea sensor.
Additionally, to achieve the high current density of 50 mA cm ™2,
the NSP-CF@NCW electrode requires an overpotential of only
1.49 V, which is 210 mV lower than that required for the
stereotypical alkaline water splitting reaction.

Materials and methods

Chemicals

Copper(u) chloride (CuCl,, =99.0%), iron(m) chloride anhy-
drous (FeCl;, =99.0%), nickel(n) nitrate hexahydrate
(Ni(NO3),-6H,0, =99.0%), selenium powder (Se, =99.0%),
sodium hypophosphite monohydrate (NaH,PO, - H,0, =99.0%),
potassium hydroxide (KOH, =90.0%), urea (CH,N,O, =99.0%),
glucose (CeH1206, =99.0%), uric acid (CsH4N,O03, =99.0%),
ascorbic acid (C¢HgOs, =99.0%), potassium chloride (KCI,
=>98.0%), sodium chloride (NaCl, =99.0%), and ethanol
(C,H50H, =99.8%) were obtained from Sigma-Aldrich and used
without further purification.

Fabrication of the NCW

To fabricate the NCW, waste wood pieces were obtained from
a local store and washed with C,H;OH and distilled deionized
(DDI) water, followed by ambient stirring in a urea suspension
for 12 h and drying in a hot-air oven at 80 °C overnight. After the
pre-treatment procedures, the wooden pieces were placed in
a porcelain boat and transferred into a tubular furnace, which
was then air-stabilized at 250 °C for 3 h followed by carbon-
ization at 1000 °C for 2 h at a heating rate of 2 °C min~" pro-
tected under a N, environment. Without any further treatments,
the as-obtained NCWs were employed for the direct anchoring
of electroactive structures.

J. Mater. Chem. A, 2024, 12,19935-19949 | 19937


https://doi.org/10.1039/d4ta01919a

Published on 05 June 2024. Downloaded on 1/26/2026 6:32:04 AM.

Journal of Materials Chemistry A

4"(::": Carbonization . CHN,
1000°C/2 h
Biomass = Waste Wood NCW
Ni2*/ CH,N,O | 120°C/2 h
---  Selenization ---

- - Phosphorization - - --

———— ===

)
=

Ni(OH),@NCW

Fig. 1 Schematic representation of NSP-CF@NCW fabrication.

Preparation of NSP-CF@NCW

First, the decoration of the CF composite, Ni(OH),-CF and
Ni(OH), microarchitectures over the NCW was executed by
following distinct hydrothermal protocols. In the typical synthesis
of CF@NCW, CuCl, (0.3 g) and FeCl; (0.7 g) were dissolved in DDI
water (30 ml) and stirred vigorously for 30 min. Then, urea (0.15 g)
was added to the above precursor solution and stirred until
a homogeneous solution was obtained. The above final reaction
mixture was transferred to a 100 ml Teflon-lined autoclave con-
taining an NCW electrode and maintained in an oven at 180 °C
for 12 h. After completion of the reaction, the produced CF@NCW
was washed several times with C,H;OH and DDI water and dried
at 80 °C for 12 h. Similarly, Ni(NO3), - 6H,0 (0.5 g) was dissolved in
DDI water (30 ml) containing urea (0.15 g) and the resulting
solution was vigorously stirred for 30 min until a homogeneous
pale green solution was obtained. Subsequently, the obtained
reaction mixture was poured into a Teflon-lined autoclave loaded
with the as-prepared CF@NCW and then kept at 120 °C for 12 h.
After allowing the autoclave to cool down to the ambient
temperature, the acquired Ni(OH),-CF@NCW was rinsed
multiple times with ethanol and DDI water and dried for 12 h at
80 °C. By replacing the CF@NCW electrode with the unmodified
NCW, the aforementioned synthesis procedure was also imple-
mented for the preparation of the Ni(OH),@NCW electrode.
Following the protocols outlined above, the as-prepared
Ni(OH),-CF@NCW electrode was placed in the downstream
region along with the Se powder (0.2 g) kept in the upstream
region of the tubular furnace in a porcelain boat. Subsequently,
under a N, flow (50 sccm), the NS-CF@NCW electrode was
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obtained by maintaining the reaction temperature of the
furnace at 550 °C for 3 h at a heating rate of 2 °C min". Finally,
the NSP-CF@NCW electrode was prepared in identical assem-
blies, in which NaH,PO,-H,0 (0.1 g) was placed in the upstream
region, whereas the as-prepared NS-CF@NCW was kept in the
downstream region. The phosphorization reaction was executed
at 300 °C for 3 h under a constant N, stream maintained
throughout the process. After allowing the furnace to reach the
ambient temperature, NSP-CF@NCW was obtained.

Instrumentation

The morphological and elemental characterizations of the
prepared electrodes were performed using a VEGA3 TESCAN
scanning electron microscope (SEM) equipped with an energy-
dispersive X-ray spectrometer (EDX) from Bruker Nano. The
electronic and chemical states of the prepared sample were
studied by X-ray photoelectron spectroscopy (XPS) carried out
using a PHI 5000 VERSAPROBE with an Al Ko excitation source.
The phase and crystalline patterns of the constructed electrodes
were acquired using an X-ray diffractometer (XRD) (PAN
Analytical's Empyrean XRD) equipped with a Cu-Ka radiation (A
= 1.54 A) source at a current and voltage of 15 mA and 40 kv,
respectively. The Raman spectra of the prepared samples were
recorded using a confocal Raman microscope equipped with
a 532 nm laser excitation source (WiTec alpha 300).

Electrochemical measurements

All the electrochemical examinations including urea detection,
UOR, and HER were carried out in a three-electrode setup at

This journal is © The Royal Society of Chemistry 2024
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ambient temperature. The experimental setup comprises an
electrochemical workstation (CHI-743B) consisting of unmodi-
fied and catalyst-decorated NCWs (1 cm x cm) as the working
electrode, a Ag/AgCl electrode as the reference, and a Pt rod as the
counter electrode. In the presence of 1.0 M KOH and 0.33 M urea
+1.0 M KOH, linear sweep voltammetry (LSV) technique was used
to obtain the polarization profiles of the constructed electrodes at
a scan rate of 5 mV s~ ', and based on the equation, Egyg = Eng
agcl T 0.198 V + 0.059 x pH, the respective potentials were stan-
dardized to the RHE. Under alkaline conditions, an investigation
into the urea-assisted water electrolysis was carried out with
commercial urea, human urine, domestic wastewater, and agri-
cultural wastewater using a two-electrode setup consisting of the
as-constructed electrode as both the anode and the cathode. The
systematic electrochemical assessments were repeated until
consistent results were obtained.

Results and discussion
Morphological characterization

The characteristic surface morphologies of bare NCW and
catalyst-docked electrodes were explored by SEM and illustrated
in Fig. 2A-F”. Fig. 2A and A’ portray the bare NCW electrode
inherently built with ample 3D open micro-vessels that are well
aligned and extended towards the tree growth direction. The
high-magnification SEM image of NCW (Fig. 2A”) depicts the
well-aligned hollow carbon micro-channels with the mean
diameter and wall thicknesses of 8.6 and 2.8 um, respectively,
furnishing a plenteous room for anchoring catalytically
dynamic microarchitectures, and thereby meeting the crucial
design standards for the fabrication of competent electro-
catalytic electrodes. The extensive SEM examinations of the
catalyst-modified electrodes, as depicted in Fig. 2B-F”, reveal
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the systematic executions of microstructural engineering on
catalytic architectures aimed to augment the electrocatalytic
trifunctionality of the constructed electrodes. The low-
magnification SEM assessments of Ni(OH),@NCW (Fig. 2B
and B') illustrate the uniform envelopment of Ni(OH), flakes
hydrothermally anchored over the NCW support, whereas the
magnified scrutiny (Fig. 2B”) displays the formation of highly
interconnected, wrinkled, and thin Ni(OH), flakes protruding
from the core contributing significant reactive room for the
targeted electrochemical reaction. Fig. 2C-C” show the
uniformly and densely grown CF microcubes well wrapped over
the surface of NCW in a fused fashion, creating a well-
connected network configuration for effective electron-transfer
characteristics. The high magnification SEM analysis
(Fig. 2C") reveals the intricacies of CF@NCW, which displays
smooth surfaced CF composite cubes with a mean edge length
of 0.36 pm rooted and grown vertically from the nucleation
point on the NCW. This geometric microstructural foundation
serves as an electron-manipulating platform to modulate the
electronic framework of catalytically active structures.

In succession to the above, the hydrothermal treatment of
CF@NCW under the Ni source orchestrates the integration of
uniformly decorated thin, abundantly fused, and relatively
smoother Ni(OH), flakes oriented vertically atop the CF cubes
(labeled as Ni(OH),-CF@NCW) (Fig. 2D-D'). As shown in
Fig. 2D", the cross-stacked Ni(OH), flaky walls docked over the
CF cubes adjoined together constructing a 3D highly porous
and voluminous interspaces with a mean diameter of 1.2 pm. In
addition to the electronic engineering that augments the elec-
tron transport kinetics, this strategically developed structural
configuration of Ni(OH),-CF@NCW concurrently provides
ample room for remarkable diffusion and electrooxidation of
urea. Moreover, it contributes to structural integrity that

Fig.2 SEM images of (A—A") naked NCW, (B-B") Ni(OH),@NCW, (C-C”) CF@NCW, (D-D") Ni(OH),-CF@NCW, (E-E") NS-CF@NCW and (F-F")

NSP-CF@NCW at different magnifications.

This journal is © The Royal Society of Chemistry 2024
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eliminates the aggregation and sintering of 2D flakes during the
course of electrochemical procedures. Fig. 2E-E” illuminate the
structural evolution of Ni(OH),-CF@NCW after the selenization
procedure, in which the smooth and flourished walls of Ni(OH),
flakes were homogeneously implanted with sphere-like struc-
tural motifs. Obviously, the event of selenization provoked an
elevation in the exposed surface roughness of NS-CF@NCW,
thereby facilitating the enhancement in electrocatalytic perfor-
mance. Following the above, during the phosphorization
process, the P constituents manifested the emergence of blunt
and curved spines that extend prominently over the edges of
both sides of NS flakes, imposing a distinctive cactus-like
morphology (Fig. 2F-F”). The integration of Se and P concur-
rently modulated the electron framework of NSP-CF@NCW and
also upsurged the surface roughness of exposed catalytically
active structures. Astonishingly, despite the events of Se and P
doping mediated by the high-temperature conditions, the NSP-
CF@NCW electrode outstandingly retained its structural
integrity and demonstrated its concrete interfacial construc-
tion. Fig. S1 and S2+ illustrate the elemental analysis of NSP-
CF@NCW, which confirmed the presence of C, N, O, Cu, Fe,
Ni, Se, and P.

Characterization by XPS, XRD, and Raman spectroscopy

To further investigate the surface electronic architecture and
chemical valences of the as-prepared electrodes, XPS studies
were conducted. Fig. 3A reveals the wide-scan survey spectrum,
which depicts the presence of C 1s, N 1s, O 1s, Cu 2p, Fe 2p, Ni
2p, Se 3d, and P 2p signals on the surface of the fabricated
electrode. Fig. S3A-Ct disclose the high-resolution core-level
signals of the C 1s, N 1s, and O 1s profiles. The narrow scan C
1s spectrum (Fig. S3AT) shows three distinct peaks at 284.3,
285.4, and 287.9 eV, assigned, respectively to the C-C/C-H, C-O/
C-N, and C=O0/C=N chemical bonds, which endorses the
association of carbon with N and O constituents.* The incor-
poration of N atoms into the carbon framework of NCW was
depicted in the high-resolution N 1s spectrum (Fig. S3Bt),
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which reveals the three binding energy (BE) values ascribed to
the pyridinic-N, pyrrolic-N, and graphitic-N bonds positioned at
397.9, 398.8 and 401.1 eV, respectively.®® The O 1s core-level
spectrum (Fig. S3C}) was resolved into two peaks signifying
the chemical bonds of C=0, and C-O-C/C-OH functionalities
corresponding to the BE values positioned at 530.1, and
531.8 eV.* As displayed in Fig. 3B, the deconvoluted Cu 2p
spectrum of the NSP-CF@NCW electrode portrays the XPS
signals at 934.2 and 942.3 eV, which are indexed to Cu 2p;/, and
its satellite signal, respectively, while the BEs at 953.9 and
962.7 eV can be fitted to the corresponding Cu 2p,,, spectrum
and its shakeup satellite of Cu®>" state.”” In the narrow-scan
spectrum of Fe 2p (Fig. 3C), the bands centered at 711.3 and
724.5 eV fitted the BEs of Fe 2p;,, and Fe 2p,, of Fe*", respec-
tively, and validated its presence in the fabricated electrode,
whereas the BE values positioned at 716.1 and 729.8 eV repre-
sent satellite signals.*®

Fig. 3D portrays the comparative high-resolution Ni 2p
profiles of catalyst-modified electrodes, which disclose the
existence of strong electron-level interactions caused by the
multi-elemental and interfacial engineering, as evidenced by
upshifts and downshifts in their BE values. The core-level Ni 2p
spectrum of Ni(OH),@NCW displays two pairs of XPS signals
featuring Ni-OH bonds and validating the formation of Ni(OH),
microarchitectures over the carbon support. The BEs found at
855.95 and 873.81 eV can be assigned to the chief spin-orbit Ni
2ps, and Ni 2p,,, bands, whereas the other two bands posi-
tioned at 861.67 and 879.91 eV are assigned to their corre-
sponding satellite signals.”® After anchoring Ni(OH), over the
CF composite cubes, the BE values of Ni 2p;,, and Ni 2p,/, of
Ni(OH),-CF@NCW distinctly downshifted about 0.37 and
0.40 eV, respectively, towards the lower BE values in contrast to
Ni(OH),@NCW, demonstrating the substantial electron trans-
fer from the CF composite to Ni(OH), that increased the elec-
tron density of Ni, thereby significantly modulating its
electronic framework. Such momentous electron-level engi-
neering executed by facile interfacial engineering may trigger

A B Cu 2p|

Cu2p,,

Intensity (a.u.)
Intensity (a.u.)
Tntensity (a.u.)

Fe 2p)

00 80 e0 400 200 965 060 955 950 o045 040 035
Binding energy (eV) Binding energy (eV)

NS-CFaNCW

710

Intensity (a.u.)

Se-M
Se-O

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

u Ni(OH),, @
oCF ] e | ShpT—

Ni(OH) y-CF@NCW

Ni2p,,

[— % CFaNCW
" cw

Ni(OH) y@aNCW
T

5 58 57 56 85 53 137 136 135 134 133 132 131 130 1
Binding energy (eV) Binding energy (eV)

10

T T T T T T T
T T T T T 885 880 875 670 865 860 855 850
2 0 40 50 ) 70 o= -

26(degree) Binding energy (eV)

Fig.3 XPS plots of (A) survey spectrum, and the deconvoluted profiles of (B) Cu 2p, (C) Fe 2p, (D) Ni 2p (compared with other Ni modified NCWs),
(E) Se 3d, and (F) P 2p of NSP-CF@NCW. (G) Comparative XRD profile of bare and modified electrodes.

19940 | J Mater. Chem. A, 2024, 12, 19935-19949

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta01919a

Published on 05 June 2024. Downloaded on 1/26/2026 6:32:04 AM.

Paper

the augmentation of desired electrocatalytic activity. Astonish-
ingly, the incorporation of Se into the Ni framework signifi-
cantly reconstructed the electronic architecture of NS-CF@NCW
featuring the multi-oxidation states involving the chief spin-
orbit doublets ascribed to Ni 2p;/, and Ni 2p,, of Ni*" state
positioned at 855.78 and 873.63 eV, while the peaks centered at
853.78 and 872.31 eV can be indexed to Ni 2p3/, and Ni 2p;,, of
the Ni*" phase. Besides, these chief spin-orbit signals of core-
level Ni 2p including Ni 2p3, and Ni 2p,,, were primarily
upshifted distinetly (0.20 and 0.22 eV, respectively) towards
a higher binding energy than that of Ni(OH),-CF@NCW, which
further validates that Se incorporation into the NS-CF@NCW
electrode establishes the environment of higher valency in the
Ni framework, and regulates its electronic structure towards the
amplified electrocatalytic kinetics. It can be visually evidenced
that, after P doping, the spin-energy peaks of Ni 2p in NSP-
CF@NCW display a positive shift in BE values of ~0.3 eV (Ni
2ps» and Ni 2py,, of Ni** state shifted to 856.08 and 873.92 eV,
while the peaks of Ni 2ps, and Ni 2p,,, of Ni** phase were
shifted to 854.13 and 872.68 eV), manifesting surplus intensi-
fication of high-valent Ni species, which can be concurrently
evidenced by the increase and decrease in Ni** and Ni** inten-
sities, respectively. In addition to the above, the two new XPS
signals appearing in the Ni 2p profile of NSP-CF@NCW at
853.23 and 870.29 eV are assigned to Ni’*, which represents the
establishment of the Ni-P bond and strongly marks the elec-
tronic interaction between Ni and P, benefitting the improved
trifunctional electrocatalysis. The deconvoluted profile of Se 3d
(Fig. 3E) shows two strong peaks located at 54.73 and 56.05 eV,
which can be indexed to Se 3ds/, and Se 3d3/, of the Se-M bond,
respectively. Besides, owing to the surface oxidation of Se,
a peak at 58.84 eV of Se-O species was observed.® Further, the
narrow scan spectrum of P 2p of NSP-CF@NCW (Fig. 3F)
exhibits well-defined peaks at 132.28 and 132.91 eV ascribed to
the Ni-P species, while other peaks positioned at 133.24 and
133.96 eV can be assigned to P-O species aroused by the expo-
sure to surface oxidation.®® Accordingly, from the above-
mentioned XPS investigation, we can infer that the interfacial
engineering of Ni(OH), over the CF composite critically
manipulated the dynamic electron architecture by augmenting
the electron density around Ni species and ultimately ampli-
fying the electron transfer characteristics, while the multi-
elemental non-metallic engineering of the Ni framework with
Se and P augmented the catalytically demanded high-valent
active species, leading to the elevated activity of the con-
structed electrode toward the desired electrocatalytic tri-
functionality. Taken together, the above-mentioned major
findings also indicate that NSP-CF@NCW was fabricated
successfully.

To examine the crystallographic patterns of the as-prepared
electrodes, XRD analysis was performed, and the results are
displayed in Fig. 3G. The XRD pattern of the NCW scaffold
shows two characteristic diffraction peaks at 26 of 25.4° and
43.1°, corresponding to the (002) and (100) planes of graphitic
carbon framework. The CF@NCW sample exhibits strong
diffraction patterns positioned at 43.3°, 50.1°, and 74.1°, which
can be well assigned to the (111), (200), and (220) planes,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

insisting the formation of phase pure CF composites (JCPDS no.
04-0836) over the NCW substrate.®* The crystallographic
patterns of Ni(OH), decorated over the NCW are located at the
26 values of 11.3°, 22.7°, 33.5°, 34.1°, 38.7°, 45.8°, 59.5° and
61.1°, which can be indexed to the (003), (006), (101), (012),
(015), (018), (110) and (113) planes of the Ni(OH), phase (JCPDS
no. 38-0715).** The Ni(OH),-CF@NCW electrode portrays the
XRD profile that encompasses the combination of Ni(OH), and
CF composite crystallographic patterns, which affirms the
successful docking of the former flakes over the later cubes.
After the selenization process, three new diffraction patterns
positioned at 26 of 32.3°, 43.9°, and 48.9° are detected, which
are well matched with the (101), (102), and (110) planes of NiSe
(JCPDS no. 75-0610) in the NS-CF@NCW electrode. As shown in
Fig. 3G, further P-doping in NSP-CF@NCW disclosed the
similar lattice patterns of NS-CF@NCW including a slight
positive shift (Fig. S4t) to higher diffraction angles attributed to
the crystal lattice expansion triggered by P incorporation.*>*
This shows that without altering the phase identity, P was
successfully incorporated into NSP-CF@NCW.

Furthermore, Raman spectroscopy was performed to acquire
information about the polarization-driven vibrational finger-
prints of bare and catalyst-modified NCWs. Fig. S5Bf presents
the Raman spectrum depicting the characteristic properties of
the carbon matrix existing in the fabricated electrodes. As
pictured in the plot, the strong peaks positioned around 1579
and 1340 cm " confirm the presence of a G-band of graphitic
carbon and a D-band of defective carbon in the fabricated
electrodes, respectively.® The ratio of the D and G bands (Ip/Ig)
was found to be 0.81, which represents the high degree of
graphitization of the carbon architecture. Fig. S5Af shows the
vibrational properties of catalytic active microstructures docked
over the NCW. The Raman bands positioned at 215, 280, 395,
501, and 598 cm ™' denote the characteristic lattice vibrational
modes of the CF composite in CF@NCW, caused by the typical
vibrational features of Fe in its oxide phase allied with the
Raman inactivity of Cu.®® For the Ni(OH),@NCW electrode, the
existence of peaks around 310 and 450 cm ™' denotes the Raman
signals of Ni(OH), microstructures docked over the NCW
support.®” It can be observed that both the characteristic Raman
signals of Ni(OH), and CF composite coexisted in the profile of
Ni(OH),-CF@NCW, indicating the successful decoration of
Ni(OH), flaky microarchitectures over the CF composite. As
shown in the spectrum of NS-CF@NCW, the vibrational signals
appeared around 154, 220, and 242 cm ' representing the
phonon modes of Ni-Se in NS, whereas the minor peaks around
208 and 271 cm™ " can be assigned to the vibrational modes of
the Se-Se pair.®** Further, NSP-CF@NCW portrays the Raman
signals around 165, 210, and 145 cm ™' ascribed to the vibra-
tional modes of A, and E,, respectively, which confirms the
successful incorporation of P-atoms.”

Electrochemical performance of the fabricated electrodes
towards urea sensing

The electrochemical performance of all the constructed elec-
trodes towards the EFUS was investigated in the electrolyte of
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0.1 M KOH with the absence and presence of 2 mM urea at
a scan rate of 50 mV s™'. Fig. 4A shows the cyclic voltammo-
grams (CVs) of the constructed bare and modified NCWs, which
illustrate their redox activity in an alkaline environment. As
shown in the CV profile, the unmodified NCW and CF@NCW
electrodes demonstrated insignificant redox behavior owing to
the inexistence of the catalytically demanding electroactive
species. Conversely, the catalyst-anchored electrodes equipped
with Ni microstructures displayed noteworthy electrochemical
performance allied with the reversible transformation of
Ni(OOH) (Ni**)/Ni(OH), (Ni**) couple mediated by the OH™
ions. Under alkaline conditions, the Ni(OH),@NCW probe
displays a well-defined anodic (Ep,) response at 0.57 V vs. Ag/
AgCl, whereas the interface-engineered Ni(OH),-CF@NCW
electrode delivered enhanced current behavior positioned at Ep,,
of 0.55 V attributed to the facilitated electron transfer kinetics-
provoked synergistic interaction of Ni(OH), and CF constitu-
ents. After the incorporation of non-metallic Se and P into the
Ni(OH), phase, the NS-CF@NCW and NSP-CF@NCW probes
illustrated more amplified current responses as oxidation waves
located at Ep, of 0.53 and 0.47 V, respectively. This remarkable
electrochemical activity with a negative drift in the oxidative
potential is associated with multiple factors including the
modulation of the electronic framework of catalytically active
architectures with distinct heterointerfaces, doping of elec-
tronically dynamic non-metallic constituents, and augmenta-
tion of the exposed active surface area evolved along with the
microstructural tuning.

The electrocatalytic assessment of bare and modified probes
towards urea sensing is executed in the presence of 2 mM urea
under the alkaline condition (Fig. 4B). Evidently, the unmodi-
fied bare and CF@NCW probe illustrates a trivial electro-
catalytic activity, whereas Ni(OH),@NCW exhibited significant
performance toward urea determination. This augmented
electrocatalytic behavior affirms the unambiguous role of Ni-
based electrocatalytic microstructures in catalyzing the urea
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electro-decomposition allied with the OH™ ions, which plays
a pivotal role in facilitating the reversible electrochemical
transformation of Ni** from Ni**, as given in eqn (1) and (2):

6Ni(OH), + 60H™ = 6NiOOH + 6H,0 + 6e~ (1)
6NiOOH + CO(NH2)2 + H2O g 6N1(OH)2 + N2 + C02 [2)

Further, to examine whether the interfacial docking of
Ni(OH), over the CF composite cubes enhances the sensing
activity, the analogous electrocatalytic examination was
executed. Excitingly, as depicted in Fig. 4B, the Ni(OH),-
CF@NCW probe exhibits notable performance elevation
compared to both the CF@NCW and Ni(OH),@NCW electrodes
alone. The establishment of a heterointerface between the CF
composite and Ni(OH), architectures synergistically provoked
the electron distribution from former to latter, which eventually
altered the local electronic framework of the Ni-phase to the
new equilibrium state and profoundly triggered the surface
catalytic active sites towards excellent electrocatalytic kinetics.
After the incorporation of Se into the Ni(OH), architectures, NS-
CF@NCW exhibited a marked current augmentation holding
a well-defined oxidative signature located at Ep, of 0.65 V. This
electrocatalytic amplification can be attributed to the doping of
Se, which endorses the effectual partial charge transfer activa-
tion on the pristine Ni(OH), phase (as evidenced by the XPS
plot, Fig. 3D), and hastens the pre-oxidation of catalytically
dynamic Ni** from Ni**, thereby increasing its positive valency
resulting in the increased sensing activity. Moreover, in addi-
tion to the positive influence on electron transfer kinetics, this
heteroatom engineering also elevates the electrode-electrolyte
interaction characteristics by increasing the roughness of NS
microstructures for effective urea sensing. Astonishingly, after
the integration of P constituents, the NSP-CF@NCW probe
demonstrates its sensing performance with
a pronounced oxidation wave at Ep, of 0.59 V. In agreement with
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the XPS profile, the introduction of P as a non-metallic dopant
triggers the charge transfer characteristics from Ni to P, which
consequentially modulates the surface electronic configuration
of catalytically active sites to possess more positive valency and
unique electron transfer pathway, resulting in the enhancement
of urea detection efficiency. The binder-free construction of
NSP-CF over the highly conductive and porous carbon multi-
channels of NCW diminished the dead volume and elimi-
nated the electron transfer resistance provoked by the utiliza-
tion of insulating binders. Moreover, the dual-anion
engineering of NSP walls with P and Se atoms guaranteed the
rapid diffusion, accommodation, and momentous electro-
oxidation of urea molecules at the 3D capacious, sharp, and
intertwined rough walls of NSP, which feature the best sensing
activity of NSP-CF@NCW amid the other fabricated electrodes.

The exploration of the effect of varying scan rates on the
electrochemical performance of NSP-CF@NCW unveiled the
fundamental electrode/electrolyte interaction occurring on its
surface under the alkaline medium. The CV plots (Fig. 4C)
recorded at different sweep rates (v) from 10 to 100 mV s *
illustrate the linearly advancing current (I,,) values. With the
elevated correlation coefficient value of R = 0.998, the profile of
Ipa vs. v** (Fig. 4D) shows a linear scale and affirms that the
electrocatalytic process engaged at NSP-CF@NCW is diffusion-
guided. Fig. 4E depicts the CV responses of NSP-CF@NCW
examined with the injection of distinct urea concentrations
ranging from 0.5 to 6 mM at 50 mV s~ '. An apparent rise in the
anodic responses with the gradual increment of urea concen-
tration without the electrode fouling behavior manifests the
excellent electrocatalytic activity of NSP-CF@NCW towards urea
sensing. The amperometric current-time (i-t) examination of
NSP-CF@NCW towards urea oxidation is further explored to
assess its sensing behavior at 0.6 V vs. Ag/AgCl, as shown in
Fig. 4F. Upon successive inclusion of urea with distinct
concentrations, the amperometric response of NSP-CF@NCW
toward urea detection displays the well-defined step-by-step
staircase-like current augmentations. In addition, the plot of
current vs. urea concentration (Fig. 4G) depicts the linear
response in the range of 0.01-0.5 mM and 0.5-9.0 mM with the
corresponding highest sensitivities of 33.1 and 7.0 mA mM "
cm 2 and a lower limit of detection (LOD) of 0.0085 mM esti-
mated with a signal-to-noise ratio value of 3 (S/N = 3). Besides,
the as-constructed NSP-CF@NCW sensing probe surpasses the
sensing characteristics of reported EFUSs, as given in Table S1.1
In alliance with the interfacial and multi-elemental electronic
effects, the highly capacious and rough cactus-like NSP micro-
flakes with a well-interconnected framework built over the CF
cubes docked upon the NCW platform flourished the EFUS
kinetics momentously. The anti-interference property of the
constructed urea sensing probe is a crucial analytical factor for
its real-world implementation. Thus, the assessment of the anti-
interference behavior of NSP-CF@NCW (Fig. 4H) was per-
formed via amperometric scrutiny with the inclusion of poten-
tial ionic and biological interferents such as KCl, NaCl, glucose,
uric acid, and ascorbic acid in the concentration of 0.1 mM. An
obvious current increase after injection of urea is observed,
followed by a steady-state amperometric signal with a trivial
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response towards the addition of potential interferents.
However, a marked signal increment was detected after the
inclusion of the target analyte, validating the excellent selec-
tivity of NSP-CF@NCW towards urea.

Reproducibility, stability, and real-sample analysis

The reproducibility features of the fabricated probe were eval-
uated with the five different NSP-CF@NCW electrodes fabri-
cated under identical conditions. As shown in Fig. S6A and B,
all the built NSP-CF@NCWs showed significant electrode-to-
electrode reproducibility properties with a relative standard
deviation (RSD) range of 1.5%. The prolonged storage stability
of the prepared sensors was examined by evaluating the elec-
trochemical behavior of NSP-CF@NCW electrodes after being
kept in the ambient conditions, and the results (Fig. S6C¥)
indicate that all the fabricated electrodes exhibited good shelf
life with a minimum variation of 2.9% assessed by day-by-day
analysis, affirming their admirable stability. The analytical
feasibility of the developed sensor toward the real sample was
studied with the urea determination in urine samples obtained
from a healthy donor and labeled as 1 and 2 after the filtering
procedure to remove the protein clumps. The samples obtained
are diluted with 0.1 M KOH to examine the current behavior of
the prepared sensor toward the given concentration of urea.
With significant recovery values of 96.0-99.0% (Table S27), the
as-prepared NSP-CF@NCW sensing probe endorsed its practical
viability for real sample examination.

Electrochemical performance of the fabricated electrodes
towards UOR

The electrocatalytic UOR performances of NSP-CF@NCW and
its counterparts (NCW, CF@NCW, Ni(OH),@NCW, Ni(OH),-
CF@NCW, and NS-CF@NCW) were exploited in a standard
three-electrode configuration with 1.0 M KOH containing
0.33 M urea (to mimic the urea concentration in urine). Fig. 5A
shows the LSV plots of NSP-CF@NCW in various electrolytes. In
the presence of 1.0 M KOH, NSP-CF@NCW delivers a higher
current figure (100 mA cm~?) at an elevated potential (E;qo) of
1.71 V (vs. RHE), whereas, after the inclusion of 0.33 M urea,
with a small onset potential of 1.29 V, NSP-CF@NCW demon-
strates a brilliant drift in E;, towards the lower potential value
positioned at 1.40 V (vs. RHE) to drive the abovementioned
current density, which is 310 mV efficient than the conventional
OER reflecting the high performance and superiority of this
anode towards UOR. Moreover, the comparative UOR exami-
nation of NSP-CF@NCW with other catalyst-modified electrodes
(Fig. 5B) reveals that the best-performing electrode holds E;qq
values of 110, 230, 440, and 750 mV lower than that of NS-
CF@NCW, Ni(OH),-CF@NCW, Ni(OH),@NCW, and CF-
@NCW, respectively. It manifests that the greatly exposed 3D
surface of well-interconnected capacious and rough flaky
architectures that are electronically re-engineered by the doping
non-metallic Se and P into Ni skeletons momentously elevated
the UOR kinetics of NSP-CF@NCW. The additional Kkinetic
investigations of prepared electrodes towards the UOR were
evaluated using their equivalent Tafel plots. As shown in
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Fig. 5C, NSP-CF@NCW illustrates a smaller Tafel slope value
(82.7 mV dec ') than that of NS-CF@NCW (91.8 mV dec %),
Ni(OH),-CF@NCW (122.9 mV dec?), Ni(OH),@NCW (188.7 mV
dec™') and CF@NCW (231.2 mV dec '), which obviously verifies
that NSP-CF@NCW possess the fastest UOR kinetics.

In addition, the dynamic charge transfer properties occur-
ring at the interface of the electrode and electrolyte were studied
with EIS plots for the prepared electrodes under the electrolytic
combination of 0.33 M urea and 1.0 M KOH, as shown in Fig. 5D
(equivalent circuit diagram provided in Fig. S71). Among the
impedance profiles, the Nyquist plot for the unmodified NCW
reveals the highest charge transfer resistance (R.) of 24.4 Q,
whereas the catalyst-modified electrodes illustrate a lowering
trend of R, characteristics, implying the crucial role of elec-
troactive architectures. The lowest R . value acquired for NSP-
CF@NCW (3.15 Q) compared with its counterparts agrees with
its exceptional electrocatalytic activity and adds more validation
to its brilliant charge transfer characteristics towards UOR.
Besides, in contrast to NCW and CF@NCW, the pronounced
UOR characteristics of Ni(OH),@NCW, Ni(OH),-CF@NCW, NS-
CF@NCW, and NSP-CF@NCW infer the inevitable influence of
Ni active species as dynamic electrocatalytic sites for the electro-
decomposition of urea. With high catalytic activity, the concrete
electrochemical stability of NSP-CF@NCW toward the UOR in
a harsh alkaline environment is another vital parameter for its
widespread practical implementation. In the presence of 0.33 M
urea and 1.0 M KOH, the chronopotentiometric response
depicted in Fig. 5E shows that the NSP-CF@NCW anode dis-
played excellent endurance over time and validated its robust-
ness towards UOR. Besides, as shown in Fig. S8A,f NSP-
CF@NCW illustrated excellent cycling stability even after 2000
CV cycles. Concurrently, XRD and SEM measurements were
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carried out to examine the chemical and structural stability of
the best-performing electrode (Fig. S8B-D¥), which portrays
nominal structural and chemical deformations. The above-
mentioned studies affirmed the exceptional long-term and
cycling stability of NSP-CF@NCW. This sustained stability of
the NSP-CF@NCW anode in the challenging alkaline medium
was rendered by the binder-free construction of catalytically
dynamic microstructures over the NCW scaffold. Besides, the
brilliant UOR activity of NSP-CF@NCW was supported by the
electrochemically active surface area proportional to the
double-layer capacitance (Cyq;) of the constructed electrode ob-
tained from its CV curves executed at various sweep rates
(Fig. S91) in the potential window of the non-faradaic region.
Fig. 5F discloses that the Cq; value of NSP-CF@NCW (5.60 mF
em™?) is much larger than those of NS-CF@NCW (2.81 mF
cm™?), Ni(OH),-CF@NCW (1.97 mF cm %), Ni(OH),@NCW (1.62
mF cm ™ %), CF@NCW (1.67 mF cm ™ 2), and NCW (0.56 mF cm ™ 2),
illuminating that NSP-CF@NCW was equipped with much
higher active site density for efficient UOR. Moreover, the
intrinsic activity of the fabricated electrodes was further
assessed by the normalized LSVs (Fig. S10At) acquired by the
electrochemical active surface area (ECSA) and the turnover
frequency (TOF) plots (Fig. S10Bt), which also manifested that
the NSP-CF@NCW electrode retained its highest UOR activity
among its variants.”>”*

Electrochemical behavior of constructed electrodes toward
HER

The electrocatalytic HER performance of the NSP-CF@NCW
electrode was analyzed by acquiring its LSV profile in a three-
electrode system comprising argon-saturated 1.0 M KOH as
an electrolyte medium. The HER behavior of the other
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Fig.6 (A) LSV curves for the HER of all the studied NCWs at a scan rate of 5mV s~ and (B) the related Tafel slopes. (C) LSVs of the NSP-CF@NCW
cathode in 1.0 M KOH and 0.33 M urea + 1.0 M KOH. (D) Chronopotentiometric plot of the NSP-CF@NCW cathode at 20 mA cm™2 for the HER.

fabricated cathodes involving a commercial Pt electrode was
also scrutinized for comparison. As portrayed in Fig. 6A, among
the HER polarization profiles of all the catalyst-decorated elec-
trodes, the NSP-CF@NCW cathode demonstrated remarkable
HER activity by delivering a geometric current density of 10 mA
cm 2 at a low overpotential of 0.14 V (vs. RHE). This value is
much lower than that of NS-CF@NCW (0.16 V), Ni(OH),-
CF@NCW (0.24 V), Ni(OH),@NCW (0.27 V), and CF@NCW (0.40
mvV) validating the superior HER characteristics of the NSP-
CF@NCW electrode. Moreover, the acquired TOF profile
(Fig. S10CY) supports the elevated HER activity of the best-
performing electrode. Even at the high current density figures,
NSP-CF@NCW delivered comparable HER activity to the noble
metal electrode, particularly at a current density of 100 mA
cm 2. This marked excellence of the NSP-CF@NCW cathode
towards the HER activity may be attributed not only to the 3D
highly exposed capacious catalytic architectures but also to the
electronic modulations established by the interfacial engi-
neering between the multi-composites and the dual docking of
non-metals. The faster kinetics and the augmented catalytic
HER activity of the NSP-CF@NCW electrode were further
confirmed by the smaller Tafel slope value (30.3 mV dec™ ") than
that of its other built electrodes (Fig. 6B). Moreover, the catalytic
HER performance of the NSP-CF@NCW electrode was exam-
ined in an electrolytic mixture of 1.0 M KOH and 0.33 M urea to

This journal is © The Royal Society of Chemistry 2024

evaluate its urea tolerance behavior under the applied potential.
According to Fig. 6C, the as-fabricated NSP-CF@NCW cathode
delivered identical HER activity in both the presence and the
absence of urea, illustrating its robust stability toward HER. The
long-term durability (Fig. 6D) of the NSP-CF@NCW cathode is
another pivotal index that evaluates its industrial and
commercial possibilities. As shown in the chronopotentiometry
plot, there is no notable sign of decay in the performance of
NSP-CF@NCW under the alkaline environment at the applied
current, indicating its solid durability toward HER.

Electrocatalytic activity of the fabricated electrode toward
overall urea electrolysis

Inspired by the excellent UOR and HER performances together
with concrete durability, an energy-efficient two-electrode urea
electrolyzer was constructed using NSP-CF@NCW electrodes as
bifunctional cathodes and anodes and deployed as the
HER||OER system in the presence of 0.33 M urea and 1.0 M KOH
(Fig. 7A). For comparison, a conventional water electrolysis
system, labeled as HER||OER, was also exploited by employing
the aforementioned symmetric two-electrode system. As depic-
ted in Fig. 7B, the NSP-CF@NCW||NSP-CF@NCW electrolyzer
only demanded a cell voltage of 1.60 V to deliver a current
density of 100 mA cm™? in the HER||UOR configuration, which
is 250 mV more efficient than the conventional HER|OER

J. Mater. Chem. A, 2024, 12, 19935-19949 | 19945
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NSP-CF@NCW electrodes.

system, demonstrating the potential capability of the as-
constructed bifunctional electrode to execute the energy
conserving urea-electrolysis process. The 3D highly capacious
and rough multi-element engineered NSP micro-flakes with
a well-interconnected framework decorated over the CF cube
composites robustly docked over the NCW platform promis-
ingly elevated the overall urea electrolysis significantly. Besides,
the interface bridging between the CF composite cubes with
NSP architectures enabled the momentous electron transfer
between the former and the latter, which eventually modulated
the local electronic framework of NSP skeletons to the new
equilibrium state and accelerated the catalytic activity of surface
active sites towards excellent urea electrolysis. Similarly, the
best-performing NSP-CF@NCW | NSP-CF@NCW system only
requires 1.31 V and 1.49 V to harvest current densities of 10 and
50 mA cm 2, respectively. Fig. 7C displays the comparative plot
of current densities against the cell voltages required by the
NSP-CF@NCW/||NSP-CF@NCW configuration in HER||UOR and
HER||OER systems. Table S3T shows the outstanding perfor-
mance of NSP-CF@NCW as a bifunctional urea electrolyzer
electrode in comparison with those reported in the literature.
To further validate the efficiency of the aforementioned
bifunctional electrode system to execute long-term urea elec-
trolysis, the endurance of the symmetric NSP-CF@NCW /|| NSP-
CF@NCW  configuration was  assessed by  chro-
nopotentiometry, as displayed in Fig. 7D. As shown in the
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stability plot, the best-performing symmetric electrode config-
uration demonstrated long-term operational durability at
a current density of 20 mA cm ™2, indicating its robust endur-
ance towards overall urea electrolysis.

Besides, we further explored the practical efficiency of the as-
constructed  NSP-CF@NCW/|NSP-CF@NCW  configuration
towards urea electrolysis in real-world samples including
human urine, domestic wastewater, and agricultural wastewater
(Fig. 8A-C). In the presence of 1.0 M KOH, the NSP-
CF@NCW/||NSP-CF@NCW system demonstrates excellent urea
electrolysis activity in the human urine (Fig. 8A) by requiring
only 1.66 V to deliver a current density of 100 mA cm ™2, which is
comparable to the LSV profile obtained using the electrolyte of
1.0 M KOH and 0.33 M urea. However, in domestic wastewater
(Fig. 8B), the constructed urea electrolysis system delivered
nominal catalytic activity (1.89 V to deliver 100 mA cm™?) owing
to the presence of other chemical interferents and insignificant
levels of urea. In contrast, as displayed in Fig. 8C, the NSP-
CF@NCW/||NSP-CF@NCW electrode delivered excellent perfor-
mance towards urea electrolysis in the agricultural wastewater
solution by requiring 1.77 V to deliver the abovementioned
current figure, which is 120 mV lower than that required for
domestic wastewater electrolysis. This performance augmenta-
tion can be ascribed to the significant levels of fertilizer urea
present in agricultural wastewater. Moreover, the chro-
nopotentiometry profiles obtained for the NSP-CF@NCW/||NSP-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta01919a

Published on 05 June 2024. Downloaded on 1/26/2026 6:32:04 AM.

Paper

200 200

View Article Online

Journal of Materials Chemistry A

200

A B

=——10.33 M Urea + 1.0 M KOH
Human Urine + 1.0 M KOH “

g

+1.0 M KOH

8

@
3
!

50

Current density (mA em?)

Current density

=——0.33 M Urea + 1.0 M KOH
Domestic Wastewater

——0.33 M Urea + 1.0 M KOH
Agricultural Wastewater
+ 1.0 M KOH

AE = 170 mV|

@ 20 mA em”?
05 T T T - 0.5 T

E (V)

o
!

@ 20 mA cm™ @20 mA em™
T

T
0 10 20 30 40 50 60 0 10
Time (h)

0 30
Time (h)

T T

T T T T
40 50 60 0 10 20 30 40 50 60
Time (h)

Fig. 8 LSV curves and chronopotentiometric plots of bifunctional NSP-CF@NCW electrodes in (A and D) human urine, (B and E) domestic

wastewater, and (C and F) agricultural wastewater.

CF@NCW configuration in human urine, domestic wastewater,
and agricultural wastewater are depicted in Fig. 8D-F. Even
though the stability plots display an initial decay associated
with the fouling of catalytic active sites by other organic
constituents in the abovementioned samples, the NSP-
CF@NCW/||NSP-CF@NCW electrodes exhibit significant steady-
state behavior over the progress of time. The above-mentioned
experiments promisingly illustrate the possibility of practical
deployment of bifunctional NSP-CF@NCW/|NSP-CF@NCW
electrodes to simultaneously perform energy-efficient power-
to-fuel production and wastewater treatment.

The outstanding trifunctional electrocatalytic performance
of the NSP-CF@NCW electrode towards both sensing and
energy-conserving urea electrolysis is more substantiated for
the following reasons: (1) the strategic integration of catalyti-
cally vibrant Ni(OH), microarchitectures with CF composite
cubes profoundly establishes a unique heterojunction interface
that modulates the electronic framework of Ni by sharing the
electron density, which constructively resulted in the electro-
catalytic amplification. (2) Further incorporation of non-
metallic constituents including Se followed by P triggered the
electron-level re-engineering aided by the partial charge transfer
activation on the pristine Ni(OH), phase to possess more posi-
tive valency, which concurrently accelerated the pre-oxidation
Ni** from Ni** of Ni(OH), in an Ni*" in the alkaline environ-
ment and brilliantly augmented the UOR kinetics of NSP-
CF@NCW. (3) In addition to the inherent microstructural
merits of robustly rooted Ni(OH), phase over the CF cubes
involving a well-interconnected and highly voluminous flaky
network, the high-temperature decoration of multi-elemental
heteroatoms further amplified NSP-CF@NCW's porous charac-
teristics by constructing a cactus-like morphology and upsurg-
ing the exposed surface roughness, which remarkably

This journal is © The Royal Society of Chemistry 2024

accelerated the diffusion, adsorption and utilization of target
molecules/ions at the electrified interface and elevated the tri-
functional electroactivity of the best-performing electrode. (4)
The implementation of a binder-free approach to construct the
catalytically dynamic NSP-CF over the sustainable NCW support
not only eliminated the binder-mediated electron transfer
resistance that obstructed the effective multifaceted electro-
catalysis but also afforded the concrete stability during the
electrochemical assessments.

Conclusion

In summary, a trifunctional, binder-free, self-standing, and
sustainable NSP-CF@NCW electrode with 3D Se and P-fused
NSP microflakes rationally integrated with CF composite
cubes grown on the naturally voluminous carbon multi-
channels of NCW using the cost-effective diverse fabrication
protocols has illustrated its excellent performance toward EFUS
and urea-assisted water electrolysis compared to its other vari-
ants. The NSP-CF@NCW sensor used for urea detection exhibits
remarkable sensitivities of 33.1 and 7.0 mA mM ' cm?
covering extensive linear ranges of 0.01-0.5 mM and 0.5-
9.0 mM, respectively, with an impressive detection limit of
0.0085 mM (S/N = 3). Further, as a urea electrolyzer, the most
proficient NSP-CF@NCW/||NSP-CF@NCW electrode configura-
tion achieves high current densities of 50 and 100 mA cm ™2 at
overpotentials of merely 1.49 and 1.60 V, respectively. This
eminent multifaceted electrocatalytic activity of NSP-CF@NCW
was triggered by the distinct electron framework and micro-
structural engineering of electrocatalytic sites executed with the
establishment of a unique heterojunction interface and multi-
elemental decorations was explored with diverse electro-
chemical examinations and its corresponding inferences are
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presented. This research effort not only opens a new avenue for
the development and advancement of trifunctional self-
sustaining electrodes for the highly demanded analytical and
green-energy conversion technologies by precisely tailoring the
multi-component electrocatalytic active structures but also
provides insights into the construction of multifunctional
electrodes that hold the potential to reduce the cost of fabri-
cation, conserves energy and promotes the commercialization
of impressive electrochemical technologies.
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