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A B S T R A C T   

High valence multi transition metal hydroxides are greatly enriched with OER redox active sites 
due to strong synergy of heteroatomic nuclei. The efficiency of these redox active sites could be 
efficiently improved by coupling with highly conductive substrate. The advanced three- 
dimensional (3D) architecture and hydrophilic terminal functionalities of MXene (MX) consid
erably enhance the maximum utilization rate of anchored redox active sites by triggering the 
direct growth of these at MX substrate. Here-in, the freeze-dried 3D network of crumpled 
Vanadium-Carbide (V2C) MX sheets regulates the crystallization of in-situ grown NiFeCr multi 
transition metal hydroxides on MX scaffold through co-precipitation process. The XPS results 
suggest a synergistic chemical interaction of 3D MX scaffold with NiFeCr that modifies the 
electronic structure of the composite ensuring reduced charge transfer resistance. Besides, as 
found in FESEM morphological investigation, the well-dispersed NiFeCr multi-transition metal 
hydroxides are immobilized on open pores like structure of V2C-MX facilitate thoroughly acces
sible active sites. As a result, the NiFeCr@3D V2C-MX composite has shown an excellent elec
trocatalytic activity with an overpotential of 410 mV at a current density of 200 mA cm− 2, Tafel 
slope of 100 mV dec in 1M KOH. Besides, the significant interaction between metallic centers and 
MXene support prevent detachment or agglomeration of active centers providing maximum 
interaction with the electrolytic ions, quick ionic OH− transportation, speedy and stable electron 
transfer channels thus ensure the long-term stability of NV-5MX during 53 h continuous operation 
of OER. Furthermore, we have utilized a more accurate value of half-cell standard reduction 
potential of the Hg/HgO electrode in the Nernst equation to represent all test voltages and to 
determine the overpotential values. In essence, this study features a facile approach for the 
confined growth of multi transition metal hydroxides in the presence of morphologically unique 
3D crumpled V2C MXene architectures. Consequently, the increased OER reaction kinetics and 
improved stability of the synthesized composites are potentially due to synergistic interplay be
tween well dispersed active sites and the conductive substrate.   
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1. Introduction 

In renewable green energy production, various complex chemical reactions occur at an electrochemical interface composed of an 
electrode and an electrolyte, such as adsorption/desorption phenomena, electron-and charge-transfer and solvation and desolvation 
processes. The functionality of these electrode/electrolyte interfaces is a key factor for the required performance of modern energy 
harvesting devices including electrochemical water splitting and metal-air batteries. The reactions at this interface are highly 
dependent upon surface electronic and geometric characteristics of the electrode material [1]. The oxygen evolution reaction (OER), a 
half-cell reaction in metal-air batteries and water splitting, involves four electron transfer and the formation of multiple intermediates 
at the electrode surface thus causing a comparatively higher overpotential [2–4]. The focus of most research in electrocatalysis is 
haunting new electrocatalysts with superior electrocatalytic performance, in terms of high activity and stability. 

Transition metal elements are advantageous due to low cost, abundant availability, and good theoretical catalytic activity. 
Fundamentally, the OER mechanism on transition metal-based composites initiates with the adsorption of hydroxyl radical on active 
transition metal sites (M) to form M − OH bond. This M − OH bond is transformed into M − O through coupled proton and electron 
removals. The further nucleophilic interaction of OH− on M − O with e− oxidation generates the hydroperoxide intermediate M-OOH. 
Finally, a proton-coupled electron conduction facilitates the oxygen evolution and the regeneration of free active site. Thereby, M −
OH bond strength determines the efficiency of oxygen evolution reaction kinetics. Theoretically, the d-electrons of transition metal 
interacts with the antibonding orbitals of the M − OH bond. The highly enriched d-electrons weakens the bonding of M − OH, thus 
enhancing the OER performance [5]. However, an optimized M − OH bond-strength is required for appreciable OER kinetics involving 
absorption of OH− ions and the formation of oxygen intermediates. The M − OH binding strength of mono-transition metal hydroxides 
can be optimized by mixing with other hetero-nuclei transition metals. 

Layered double hydroxide (LDH) is a two-dimensional (2D) layered material with general formula of 
{M+2

1− xM+3
x (OH)2} (A

n− )x/n
.mH2O where M+2 are divalent and M+3 trivalent metal ions in the main layer, and An− is the interlayer 

anion for charge compensation. The adjustable composition and tunable electronic structures of the metal –O6 (M–O6) octahedral local 
framework are the active centers for oxygen evolving process [6]. The insertion of multiple transition metals in this structure provides 
metal oxidation states in the given potential window, thus improving the electro-catalytic performance [7,8]. Although the hetero 
nuclei provide chemically diverse redox active sites, the complete utilization of these active sites is another crucial factor for improved 
OER kinetics [9–12]. Fortunately, the insertion of electrically conductive support with high surface area is a promising approach to 
induce unique morphological features in hybrid providing high accessibility to the active sites and rapid charge transfer, leading to the 
enhancement of the catalytic activity [13]. 

MXenes (MX), an intriguing member of two-dimensional (2D) nanomaterials, is presented by an empirical formula Mn+1XnTx(n =
1–4), where M represents the transition metal, X could be a carbon, nitride or a carbonitride, whereas T refers to the surface terminal 
groups [14–16]. MX holds exotic features as a support material to immobilize the electrocatalytically active sites for improved OER 
kinetics. These features are listed as follows [17]; (i) Enlarged surface area with restricted electron movement within ultra-thin 2D 
sheets, causing MX to possess good metallic conductivity, (ii) the high electronegativity and relatively low work function of MX cause 
synergistic electron transfer within the composite, thus modifies the electronic scaffold of the hybrid and provides an intense interface 
interaction for reduced thermodynamic barrier and fast reaction kinetics [18]; (iii) contrast to hydrophobic carbonaceous materials 
such as graphene, MXenes are more favorable for aqueous electrocatalytic application due to their hydrophilic surface functional 
groups, reinforcing the maximum adsorption of electrolytic ions at MXene based interfaces [19](iv) The terminal functionalities of MX 
are used to anchor electrocatalytically active sites and regulate their directed growth at conductive MX substrate with suppressed 
agglomeration thus providing better corrosion resistance than other carbon-based carriers [20]. However, the defect density and 
enlarged surface area inevitably co-exist with numerous dangling bonds that lead to strong interlayer stacking and aggregation. 
Therefore, in order to ensure long-term stability of MX-based electrode, the re-stacking issue of MX sheets is required to be addressed 
properly. Besides, the oxidation of MX in an aquatic environment or at high voltages degrades its electrical conductance. The 
self-stacking behavior of MX sheets can be minimized effectively through intercalation of other substances, constructing porous 
structures, and forming three-dimensional (3D) scaffold [21]. Moreover, due to their appealing tendency for interfacial coupling and 
charge transfer, MXenes are broadly employed to load catalysts in composite formation, which not only suppresses the MX re-stacking 
issue, but also leads the uniform growth of catalytic centers and enhances their utilization rate [18]. 

By keeping all these facts under consideration, herein, we report the synthesis of 3D network of highly crumpled Vanadium Carbide 
V2C MX sheets to use as a catalytic support material for improved oxygen evolution kinetics. The 3D crumpled MX sheets are syn
thesized through etching of V2AlC MAX phase by using mixed acid HF: HCl etchant solution. The etched sheets are successfully 
delaminated by using TEA as an intercalating etchant and subsequently MX sponge is obtained by vacuum assisted freeze drying of the 
MX suspension. Furthermore, the catalytically active NiFeCr trimetal hydroxides are in-situ grown over 3D crumpled MX substrate to 
attain well dispersed OER catalytically active centers. 

Moreover, the OER activity of unary, binary, and ternary metal hydroxides have been evaluated in an alkaline media. In accordance 
with the previous literature, the NiFe binary metal hydroxides has exhibited increased OER activity as compared to unary and other 
bimetallic hydroxide. It has been found that the Fe sites with a tuned electronic structure in NiFe can effectively stabilize the OER 
intermediates by forming O-bridge Fe–Ni reaction centers due to electrostatic synergy of nearby Ni sites [22,23]. Besides, the 
incorporation of other heteroatoms into the NiFe-LDH greatly influence the neighbouring NiFe sites, particularly in case of 
high-valence dopants [24,25]. Therefore, considerably increased OER activity of coprecipitated NiFeCr trimetal hydroxides has been 
achieved. The XRD findings support that Cr+3 addition has drastically reduced the crystallinity and enhanced the catalytic 
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performance due to the amorphous nature of trimetal hydroxides [26]. The lower overpotential of NiFeCr could be attributed to the 
unique electron configuration (t3

2geo
g) of Cr which is advantageous for an improved electrocatalytic performance because it facilitates 

charge transfer and electron capture [27]. Finally, the OER active centers of NiFeCr-LDHs are in situ grown on V2C MX sheets 
(NV-yMX) under alkaline environment and heat flux. Notably, the chemical constituents of the NiFeCr@3D crumpled V2C MX 
(NV-yMX) catalysts are adjusted, by loading four different contents of V2C MX sheets, designated as NV-5MX (5 mg V2C MX), NV-10MX 
(10 mg V2C MX), NV-15MX (15 mg V2C MX), and NV-30MX (30 mg V2C MX). Consequently, an optimized NV-MX exhibited eximious 
OER activity in terms of low overpotentials at higher current densities, small Tafel slopes, and long-term stability, prominently su
perior in comparison of pristine NiFeCr and RuO2 catalysts. 

2. Experimental section 

2.1. Materials 

Vanadium Aluminium Carbide V2AlC MAX phase, and Nickel (Ni) Foam were provided from Nanografi. The other chemicals 
including Hydrofluoric acid (HF), Hydrochloric acid (HCl), Ammonia Solution (25 %), Ethylene Glycol, Nickel (II) Nitrate hexahydrate 
NiCl2.6H2O, Iron (III) Nitrate nano-hydrate Fe(NO3)3⋅9H2O, Chromium (III) Nitrate nano-hydrate Cr(NO3)3⋅9H2O, Carbon black, 
Nafion 5 wt%, Ethanol, Nitric acid, and triethylamine (TEA) were purchased from Sigma-Aldrich. No further purification was needed 
for the consumption of materials. 

2.2. Synthetic protocols 

2.2.1. Synthesis of V2C MXene 
Typically, V2AlC was etched in 48 wt% hydrofluoric acid (HF). HF is a harsh etching media and usually yields defect enriched MX 

multilayers and flakes. Therefore, to preserve the material’s integrity, a mild etching solution of mixed HF and HCl was used to 
synthesize V2CTx. Typically, the etching was carried out in a loosely closed high-density polyethylene (HDPE) vessel. 1 g of V2AlC was 
put into mixed 12 mL of 48 wt% HF and 8 mL of 12 M HCl solution under ice cooled water bath for a few minutes at uniform stirring 
rate of 200 rpm. After a while, the mixture was then subjected to etching at constant 50 ◦C temperature provided through heated oil 
container for 72 h under continuous stirring of 400 rpm. Upon the completion of etching, the mixture was then poured in 50 mL 
centrifuge vials for centrifugation initially at 3000 rpm for 5 min. At this stage, the ml-V2C along with some amount of MAX phase was 
settled at the bottommost part of the vials, whereas greenish liquid containing vanadium ions was obtained. The etched MX ml-V2C 
phase was neutralized with N2 purged DI water and centrifuged several times to attain the pH > 5. For 1g of etched yield, the washing 
procedure typically consumes >1.5 L of DI water. The wet paste of etched MX ml-V2C phase was immediately delaminated into 10 % 
TEA suspension (1 g/20 mL) at ambient conditions and stirred for 6h. Later the solution is then diluted with 200 ml DI H2O and freeze 
dried. Prior to freeze drying, the diluted solution of delaminated MX phase was freezed in liquid N2 for 5 min and then subjected to a 
vacuum drying machine under 1x10− 3atm at − 85 ◦C for 96 h. The obtained freeze-dried sponge exhibits a brownish tinge in com
parison to gray MAX phase. The detailed schematics of MX synthesis has been illustrated in Supplementary Fig. S1A. 

2.2.2. Synthesis of NiFeCr-LDHS and NiFeCr@V2C MX 
The NV-yMX catalysts with different amount of MX sheet loadings were fabricated through in-situ coprecipitation of NiFeCr on 3D 

crumpled MX sheets in an open oil bath as presented in schematics 1. The typical synthesis of NV-5MX involved the preparation of 
suspension 1 by sonicating the 5 mg V2C-MX sheets in 10 ml N2 purged deionized water until all the MXene sheets were well dispersed. 
The different proportions of NiCl2.6H2O, Fe(NO3)3⋅9H2O, and Cr(NO3)3⋅9H2O in accordance with the molar ratio Ni0.75:Fe0.15:Cr0.10 
were added to 70 ml mixed solution of DI-H2O:Ethylene glycol with the volume ratio of (6:1) referred as suspension 2. Next, the 
suspension 1 was added dropwise into the suspension 2 and kept under stirring for 30 min at room temperature. After the proper 
mixing of both suspensions, the mixed solution was stirred at 80 ◦C for 15 min in an oil bath. The desired temperature was attained 
progressively by raising 10 ◦C in 5 min intervals. Subsequently, the in-situ coprecipitation of NiFeCr ions on inserted V2C-MX sheets 
were initiated by adding 1.5 ml of ammonia solution. During the dropping process, the pH of the mixture was adjusted to 8. The mixed 
suspension was vigorously stirred under the same reaction conditions for 2 h. The suspension was then cooled at ambient conditions, 
the particles were collected by various centrifugation-rinsing cycles initially with deionized water and final washing was with ethanol 
to remove any organic impurities. The resultant paste was then solidified through over-night heating at 80 ◦C in vacuum drying oven. 
The granules were then crushed into fine powder by using agate motor-pestle. According to the different contents of V2C-MX sheets, 
the samples were marked as NV-5MX, NV-10MX, NV-15MX, and NV-30MX. Similarly, other catalysts including Ni(OH)2, NiCr-LDHs, 
NiFe-LDHs, and NiFeCr-LHs were also prepared through above mentioned synthetic protocol but without adding MXene contents. 

2.3. Material characterization 

X-ray diffracted (XRD) reflections were crecorded through a BRUKER D8-ADVANCE powder diffractometer that includes a mon
ochromatized Cu Kα radiation (λ = 1.5406 Å). The powder samples were prepared on a flat sample holder. The device input electrical 
parameters were set as 30 mA current and 40 kV accelerated voltage. The diffracted rays were captured by the increments of 0.03 over 
a wide range of 2ɵ values from 3◦ to 80◦. The “Joint Committee on Powder Diffraction Standards” (JCPDS) data were used to examine 
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the crystallographic phase identification. The crystallite sizes (Supplementary Fig. S1C) are estimated through Scherrer equation Eq. 
(1) where D is the average crystallite size, K = 0.9 for spherical particles, β is the peak broadening of full width at half-maximum 
intensity (FWHM) of the most intense peak. The Raman measurements have been conducted on a HORIBA microscope fitted with 
He–Ne 17 mW, λ = 633× nm red laser source and 50 × objective lens. The micromorphology and elemental composition of the 
synthesized catalysts were characterized by Field Emission Electron Microscope (FESEM-Nova Nano SEM 450, USA) equipped with 
Energy dispersive X-Ray spectroscopy (EDX-INCA 250 X-Max 50, England) at an accelerating voltage of 1 and 15V respectively. For 
FESEM and EDX, the suspension of the catalyst powder was drop-casted on a silicon wafer. The chemical states of the electrocatalysts 
were evaluated through X-Ray Photoelectron Spectrometer (XPS) based upon Al (K-alpha) source with operating parameters of 15 keV 
and 15 mA. The analysis chamber was maintained at a pressure < 5 × 10− 9 mbar. Moreover, the XPS spectra were calibrated to the 
binding energy of C1s at 284.8 eV. 

D=
kλ

β cos θ
(1)  

2.4. Electrochemical testing 

The required electrochemical techniques were executed through a Biologic VSP-200 electrochemical workstation at ambient 
conditions in 1M KOH using a common three-electrode system consisting of 1cmX1cm Platinum plate, Ni foam, and 1M Hg/HgO 
electrode acting as the auxiliary, anodic, and reference electrodes separately. The working electrode preparation was completed by 
sonicating 5 mg catalyst, 5 mg carbon black, and 50 μL 5 wt% Nafion solution into the mixed solution (1:1 vol) of ethanol and 
deionized water for 1 h. A fixed volume of 30 μL of the catalyst ink was then deposited onto the pre-treated Ni foam of (0.5 cmX0.5 cm) 
dimensions which was subsequently dried at 60 ◦C under vacuum. For the acidic treatment, the Ni foam was cleaned sequentially with 
ethanol and DI water for 10 min sonication time. Then the washed Ni foam was treated with 6MHCl solution for 30 min at room 
temperature to remove the surface oxide layer. After that, the pH of Ni foam was neutralized with several DI water washings. Prior to 
the deposition, the Ni foam was dried at 45 ◦C under vacuum. 

High-purity N2 gas was purged into the KOH electrolyte for 30 min before conducting the OER electrochemical measurements. 
Before analyzing the OER performance, the working electrodes were activated through several cyclic voltammetry (CV) curves at a 
scanning speed of 100 mV/s in the same electrolyte used for OER measurement. The LSV curves were obtained at the scanning speed of 
10 mV/s with 85 % iR compensation through AUTOLAB software. The chronoamperometry was performed to anticipate the stability of 
electrode material at constant activated potentials. The Electrochemical impedance spectroscopy (EIS) was performed from 100 MHz 
to 0.1 Hz, with an AC disturbance voltage of 5 mV. The impedance data were fitted in accordance with the Randles circuit to extract the 
solution and electron-conduction resistances. The testing voltage window was presented into reversible hydrogen electrode (RHE) 
voltage in accordance with the Nernst Eq. (2) [28], where pH ~ 13.8, Eɵreal

Hg/HgO 1M KoH = 110.0 mV which is higher than the 98.3 mV 

used in other reported literature. This is recently provided more accurate value of Eɵreal
Hg/HgO 1M KoH incorporating the effect of OH−

ions of the internal solution in the Hg/HgO electrode [29]. 

ERHE =EHg/HgO + 0.059pH + Eɵreal
Hg/HgO 1M KoH (2) 

To evaluate the kinetic performance of the synthesized catalysts, the Tafel slope was extracted through linear fitting of the Tafel 
plots in accordance with the Tafel Eq. (3) where η is the iR-free potential, b is the Tafel slope, j is the current density and a is the 
constant [30]. 

η= a + b log(j) (3)  

the product of scan rate ν and electrochemical double-layer capacitance Cdl results into the double-layer charging current IC, as given in 
Eq. (4) [28]. Thus, the slope of the linear fit for Ic versus ν represents the Cdl value. Here-in, the Cdl values were estimated through cyclic 
voltammogram (CV) at varying scan rates (20, 40, 60, 80, 100 mV/s) within the non-faradaic potential range (V vs. RHE) through 
plotted j= (jp – jn)/2 at mid-point of the potential window versus the scan rate where jp and jn represent the anodic and cathodic current 
density, respectively. The electrochemical active surface area (ECSA) of the catalyst was determined using Eq. (5), where specific 
capacitance (Cs) is 0.040 mF cm− 2 [31,32]. 

Ic = νCdl (4)  

ECSA=Geometrical Surface area ×
Cdl

Cs
(5)  

3. Results and discussion 

Foremost, the MXene nanosheets were fabricated through mixed-acid etching, delamination and freeze-casting processes. There are 
two essential stages in freeze casting known as freezing and freeze-drying. In an initial freezing phase, the precursor solution consisting 
of solvent and solute particulates is frosted in a container to attain a specified form. While getting frozen, the solute particulates are 
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repelled due to the growth of solvent crystals resulting into a dense framework of solute particles. Then the freeze solvent crystals are 
sublimated upon low temperature and pressure, and a porous framework reflecting the morphology of the solvent crystals can be 
achieved [33,34]. Therefore, in the present study the suspension was kept in a cylindrical quartz jar with a diameter of 40 mm and 
dipped in liquid nitrogen for 5 min to become solidified and then subjected to vacuum assisted freeze drying for a longer period. 

To fabricate the required hybrid, the solution of mixed ions was stirred in the suspension of V2C-MX sheets. The added Ni+2, Fe+3, 
Cr+3 ions could easily be anchored on the negatively charged MX surfaces via electrostatic interaction in DI-H2O/ethylene glycol 
solution. Then, the NiFeCr were in situ grown on MXene sheets (NV-yMX) under alkaline environment and heat flux. The etchant media 
in MX synthesis induced various anion functional groups such as OH− , Cl− , and F− onto the surface of MX flakes and the as-prepared 
MXene possessed defects due to selective etching of the Al layers in a mixed HF:HCl solution. Thus, the as prepared MX attained 
tremendous surface energy and ideal surface sites for the adsorption of metal cations through electrostatic interaction in MXene/metal 
salts solution. Through the hydrolysis, NiFeCr nanosheets were nucleated and grew all over the surface of the V2C MX substrate [35]. 
Thus, the addition of 3D crumpled MX regulated the growth and inhibited the undesired agglomeration of NiFeCr nanoflake forming 
an open structure of the hybrid with more accessible channels that are embellished with active sites for maximum adsorption of 
electrolytic ions as shown in Scheme 1 [36]. Clearly, this hybrid structure is more favorable for electrocatalytic reactions that could 
largely shorten mass diffusion and accelerate charge transfer process [37,38]. 

3.1. Structural analysis 

X-ray diffraction (XRD) is conducted to probe the crystallographic features of synthesized materials. All the peaks of MAX V2AlC 
phase have been indexed in Fig. 1A according to the (ICDD# 04-005-5222) with hexagonal p63/mmc unit cell structure. The XRD 
reflections of V2CTx are quite different from those of V2AlC precursor. A new diffraction peak at 7.8◦ appears, corresponding to the 
(002) planes of V2CTx, while the characteristic reflections of V2AlC at 13.6◦ (002) and 41.3◦ (103) are considerably weakened, 
indicating the effective etching of Al. Interestingly, such double reflection of (002) plane is the representative of two different 
interlayer spacings of the etched V2C MX and the precursor. This reflection splitting is in good agreement with other experimental 
results [39–42]. The peak shifting to a lower angle supports an increased interlayer spacing (Supplementary Fig. S2A) with expanded 
c-lattice parameter confirming the successful formation of V–C–V two-dimensional 2D expanded conductive structure [43–45]. The 
c-lattice parameter of the hexagonal lattice structure obtained from the (002) plane has been increased by 13.1 Å for V2AlC MAX phase 
to 22.4 Å V2CTx MXene phase (Fig. S2B). Moreover, the highly reduced intensity of V2AlC XRD peaks at 13.6◦ and 41.3◦ resembles 
small portion of partially etched V2AlC [41,46,47]. Along with these, the occurrence of tiny reflections for Orthorhombic V2O5 (200) 
and (201) planes at 2ɵ = 15.8◦ and 23.9◦ respectively in accordance with (ICDD# 04-015-2250), also contribute in enhancing the 
interlaminar spacing of MX [48]. The expanded lamelliform structure is due to successive etching of Al and intercalation of Et3N spacer 
molecules during exfoliation of etched MX sheets, greatly advantageous for the diffusion of electrolyte ions. The distensible 

Schematics 1. Synthetic scheme for in-situ grown NiFeCr hydroxides on 3D crumpled MX substrate.  
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interlaminar spacing of the MXene provide interlayer channels for maximum accessibility and rapid diffusion of electrolyte ions thus 
enhancing the electrochemical performance [45,49]. 

Powder X-ray diffraction (PXRD) patterns are used to confirm the structure and the phase purity of the synthesized metal hy
droxides. The XRD pattern of synthesized Ni(OH)2 (Fig. 1B) are well-matched with the α phase of Ni(OH)2 (ICDD# 38–0715). The shift 
in peak position oriented at 2ɵ = 15.0◦ in comparison of the provided XRD pattern as a reference, can be attributed to the perturbed 
lattice dimensions due to intercalated water molecules and anions in the interlayer spacing of synthesized samples [50–52]. However, 
the considerable shift in peak positions have been observed for both NiCr and NiFe as compared to the peak positions for pristine Ni 
(OH)2. Moreover, these peaks are weakened and broadened, indicating the low crystallinity of NiCr and NiFe LDH (Fig. 1B) [53]. The 
calculated crystallite sizes from the reflections (003), (006), (101), (015), and (110) are found as 6.79, 2.09 and 3.09 nm for α -Ni 
(OH)2, NiCr and NiFe LDHs respectively. Moreover, the increased crystallite size of NiFe LDH is supported by the greater intensity of 
diffractions peaks as compared to NiCr which might be due to different ionic radius of cations such as 69 p.m., 62pm, and 55 p.m. for 
Ni+2, Cr+3, and Fe+3 [54]. For NiFeCr catalyst, the same diffraction peaks are greatly suppressed and broadened as compared to NiFe 
(Fig. 1B), which indicates the reduced particle size and the formation of homogeneous amorphous structure. Therefore, the substi
tution of more types of metal elements causes lattice perturbation that leads to an amorphous structure with fluctuated internal ionic 
field energy, strain effect and enriched defects to enhance the electrocatalytic OER performance [55,56]. The X-Ray diffraction pattern 
of NiFeCr grown on MX sheets (Fig. 1C) indicate that the characteristic peaks of NiFeCr do not significantly shift with respect to the 
different contents of V2C MXene sheets in NV-yMX composites. Furthermore, there is no individual MXene reflections in the whole XRD 
patterns of NV-yMX composites even upon increased dosage of V2C Mxene sheets. This supports the effective homogenous intergrowth 
of NiFeCr in-between the interlayer channels of MXene sheets. However, the XRD peaks of NiFeCr in NV-yMX hybrid are greatly 
prominent than in the pure NiFeCr that indicates the increased crystalline size of hybrid within the range of 2.84 nm–2.95 nm as 

Fig. 1. XRD spectra of V2AlC and V2C MX spectra (A); XRD Spectra of Ni(OH)2, NiFe, NiCr, and NiFeCr (B); XRD spectra of NV-xMX composites with 
different wt. percentages of MX (C), and Raman spectrum of V2C MX, NiFe LDH, and NiFeCr (D). 
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compared to 2.36 nm crystallite size of pure NiFeCr as shown in (Fig. S2C). This could be attributed to the terminal functional groups 
(–F, –OH, -Cl, and –O) of MX, which triggered the adsorption of metal cations and hence supported the orientated growth of NiFeCr 
[57,58]. Fig. 1D shows the Raman spectra of synthesized V2C MX, NiFe LDH, and NV-5MX electrocatalysts within the range of 
200–1200 cm− 1. In the Raman spectrum of V2C MX, the peak occurring at 280.8 cm− 1 and 987.2 cm− 1 correspond to vibrations of V–C 
[59] whereas the peak at 401.1 cm− 1 is originated from V2C(OH)2. Similarly the bands at ~518.4 cm− 1 and ~687.9 cm− 1 are referred 
to out-of-plane vibration of V atoms in V2CF2 and V2CO(OH) chemical species, respectively [45,59]. Such vibrational signals assure the 
successful etching of MAX phase into MX embellished with–OH, –O, and –F functional groups [60]. The Raman spectra of multi-metal 
hydroxides and NV-yMX composites (Fig. 1D), exhibit the presence of all O-M-O bending modes that include MIII/MII− O− MII and 
MIII− O− MIII bonds within the range of 300 and 700 cm− 1 [61,62]. In the case of NiFeCr hydroxides the shifting of some parental peaks 
of NiFe LDH toward lower wavenumbers with reduced intensity suggests the distortion in the crystal structure of NiFe LDH due to 
effective incorporation of Cr ions as evident in the findings of X-Ray Diffraction [63]. In addition to Ni+2/Fe+3/Cr+3-O bonds, there is 
an extra shoulder peak centred around 750 cm− 1 in NV-5MX corresponds to the stretching modes of V–O bonds in oxy-vanadate species 
such as V3O and (V2O2)n [64,65]. Interestingly, in accordance with the reported literature, there is no evidence of V–C bond vibrations 
in NV-5MX due to the low percentage of V2C MX sheets [66]. These obtained structural features via XRD and Raman guarantee the 
effective combination of trimetallic hydroxides and V2C MX, which considerably regulate the growth of trimetallic hydroxides at 
conductive MX substrates with suppressed agglomeration for increased charge transfer process during OER [30]. 

3.2. Morphological analysis 

Field emission scanning electron microscopy (FESEM) is applied to analyze the morphological features of the synthesized materials 
(Fig. 2A–D). The FESEM of the MAX V2AlC powder shows the morphology of typical close-packed laminated bulk particles (Fig. 2A), 
while Fig. 2B shows the FESEM image of V2C MX, illustrating a highly crumpled microporous scaffold. The crinkly sheets with bent and 
curved edges are randomly oriented into a three-dimensional (3D) framework. The interconnected walls of multilayers formulate the 
porous structure as presented in the Supplementary Fig. 3SA. The well-retained 3D structure of self-oriented V2C MX is attributed to 
the slow sublimation of ice during the freeze-drying process [67]. This is inherently different from the commonly observed 
parallel-stacked MX sheets obtained through vacuum-filtration [15,68]. The large agglomerates with plate like morphology of NiFeCr 

Fig. 2. The FESEM images of V2AlC (A), V2C MX (B), NiFeCr (C), and NV-5MX (D); The EDX spectra of NiFeCr (E), and NV-5MX (F).  

A. Iqbal et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e35643

8

are observed in the absence of V2C MX (Fig. 2C). In contrast, when NiFeCr are in-situ grown on V2C MX sheets to form NV-5MX hybrid, 
the morphology of NiFeCr has been changed into near-spherical shaped and are much smaller and uniformly dispersed over V2C MX 
sheets, indicating the controlled growth of NiFeCr particles during the in-situ synthesis of NiFeCr over 3D crumpled V2C MX sheets. The 
role of MXene substrate in the formation of small size and well dispersed metal hydroxides is also evident in the related literatures [30, 
69]. Moreover, the unique 3D morphological features of V2C MX offer significantly enhanced surface sites for the growth of NiFeCr 
particles. Consequently, the NV-5MX hybrid illustrates the embellishment of NiFeCr on all sides of the crumpled walls as marked in 
Supplementary Fig. 3SB, demonstrating an opened structure for the maximum adsorption of electrolytic ions [27]. Elemental 
composition of all synthesized materials has been determined through EDX spectra. The prominent reduction of Al percentage in EDX 
spectra of V2C MX (Supplementary Fig. 4Sa) has been observed as compared to the percentage of Al in EDX spectra of MAX phase 
(Fig. 4Sb) as evident in the aforementioned XRD results. The EDX spectra (Fig. 4Sa) assures the presence of terminal functionalities 
with F and Cl in V2C MX after etching of V2AlC MAX phase. It must be kept into consideration that O and/or OH terminal groups are 
also present in V2C MX scaffold, but the observance of O content was not possible which might be due to overlapped peaks of O and V 
[70]. Fig. 2e confirms the presence of desired elements Ni, Fe, Cr, and O in trimetallic NiFeCr hydroxide; similarly, V can be prom
inently observed in EDX spectra of NV-5MX (Fig. 2f). However, there is no evident peak of Al, F, and Cl in the EDX spectrum of NV-5MX 
which might be due to high coverage of NiFeCr metallic centers over relatively low amount of V2C MX sheets as found in agreement 

Fig. 3. XPS Spectra of Ni 2p (A), Fe 2p (B), Cr 2p (C), and O 2p (D) electrons in NiFeCr and NV:5MX.  
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with the literature [30,66,69,71]. 

3.3. Chemical analysis 

XPS is a surface chemical analysis technique commonly used to evaluate the electronic structure of the synthesized materials. The 
high-resolution Ni 2p XPS spectrum of NiFeCr (Fig. 3A), confirms the presence of bivalent Ni+2 with the characteristic peaks at binding 
energies of 856.2eV and 873.9eV correspond to the Ni2p3/2 and Ni 2p1/2 respectively along with their satellite peaks at 861.5eV and 
879.8eV [72,73]. The negative shifts in the characteristic Ni2p peaks have been observed for NV:5MX (Fig. 3A) [27,74]. In Fe 2p 
spectra of NiFeCr (Fig. 3B) other than the satellite peaks at 716.9 eV and pre-peak at low energy due to defects, the characteristic peaks 
at 711.9eV, and 724.5eV due to 2p3/2Fe+3, and 2p1/2Fe+3 respectively, are also prominent [24,52,75,76]. Similar, negative shifts have 
been observed in these characteristic peaks for 2p3/2Fe+3, and 2p1/2Fe+3 in NV:5MX (Fig. 3B) [24,77]. In Fig. 3C, the Cr 2p spectrum in 
NiFeCr manifests three characterisation peaks Cr+3 2p3/2 (577.1eV), Cr+3 2p1/2 (587.2 eV), and Cr6+ (579.3 eV) indicating the mixed 
valence states of Cr+3 and Cr+6 in the catalyst [78]. In comparison of NiFeCr, the Cr 2p peaks of NV:5MX are shifted to lower energy 
values (Fig. 3C) ensuring the strong electronic interaction between transition metal hydroxides and MX sheets [7]. The negative shift in 
the binding energies of active metal ions demonstartes the charge compensation between metal cations due to electronegativity (EN) 
difference. The denoted electrons from Vanadium ions to the surrounding Ni, Fe, and Cr ions resulted into electron-rich metallic 
centers. Such electron-rich structure with reduced binding energy of active metal cations in NV:5MX supports the improved OER 
activity affecting the de-protonation step in the OER by strengthening the binding affinity between the adsorbates and the active sites 
[79–81]. Specifically, the O1s spectra (Fig. 3D) of NiFeCr illustrates two peaks at 531.7eV, and 534.5eV corresponding to M − OH bond 
and chemisorbed H2O on the catalyst surface [78], while the negative shifts in the binding energy of M − OH bond has been appeared 
for NV:5MX leading the enhancement of active sites at the phase interface [82]. The XPS spectrum of V 2p (Fig. 5S) exhibits char
acteristic peak of V–C at 513.5eV, V+4 2p3/2 at 516.6eV, and V+4 2p1/2 at 524.0eV in as-synthesized V2C Mxene [72,73,83] whereas in 

Fig. 4. Electrochemical Oxygen evolving performance of NV-yMX hybrids, The LSV curves of the prepared catalysts (A), EIS spectra of all syn
thesized catalysts from high frequency range to low frequency range (B), An overview of charge transfer resistance values obtained through Randles 
circuit (C), TAFEL slopes showing the kinetics of pristine V2C MX, RuO2, NiFe, NiFeCr, and NV-5MX composite (D), Cdl plots (E), Long-term stability 
evaluation at different OER active voltages (F), and Post LSV curve of NV-5M after 2000CV cycles (G), (H) Schematic representation of 3D electrode 
setup used for investigating the OER electrochemical kinetics at NV-MX based electrode. 
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NV:5MX, V+4 2p3/2 and V+4 2p1/2 peaks (Fig. 5S) have been shifted to higher energies reflecting the reconstructed electron density in 
the vicinity of trimetallic hydroxides ensuring strong chemical interaction between trimetallic hydroxides and inserted V2C MX sheets 
[73,84]. 

3.3.1. Electrochemical Oxygen evolution Assessment 
Based on the physiochemical properties, the OER performance of all synthesized electrocatalysts have been compared with the 

commercially purchased RuO2, in terms of overpotential at higher current density, charge transfer resistance, electrochemical surface 
area, and Tafel slopes. Fig. 4A displays the linear sweep voltammetry (LSV) polarization curves of NiFeCr/MXene (NV-yMX) hybrids 
with different wt.% of MX contents, NiFe, NiFeCr, and RuO2. From the LSV curves the deduced overpotential of NV-5MX is 410 mV, 
which is smaller than NV-15MX (430 mV), NV-30MX (440 mV), NV-10MX (450 mV), NiFeCr-LDHs (470 mV), and NiFe-LDHs (500 
mV) respectively, at a current density of 200 mA cm− 2. All the NV-MX catalysts show better OER activity than pristine NiFeCr-LDHs 
electrode. As plotted in Supplementary Fig. 6S, the Ni foam substrate exhibits very least OER current density, whereas OER activities of 
binary metal hydroxides NiCr and NiFe have been improved at higher voltages as compared to pristine unarymetal hydroxide Ni(OH)2. 
The NiFe-LDHs showed significantly reduced OER over potential (400 mV) in comparison to RuO2 (450 mV) and V2C-MX (470 mV) at 
current densities of 50 mA cm− 2. Furthermore, electrochemical impedance spectroscopy (EIS) is performed to investigate the charge 
transfer kinetics of all the synthesized electrocatalysts. At set overpotential of 500 mV, semicircles are obtained in the Nyquist plots 
Fig. 4B of all synthesized electrocatalysts, describing the electron-conduction impedance. In electrochemical impedance spectroscopy, 
the narrower diameter of the semicircle reflects the faster charge transfer kinetics [85,86]. The prominently low semicircle diameter of 
NV-5MX as compared to all synthesized materials, indicates considerably suppressed charge-transfer resistance (Rct) and favorable 
electrokinetics. The Rct value of NV-5MX (1.49Ω) compared with those of Ni(OH)2 LDH (Rct = 17.65Ω), NiCr-LDHs (Rct = 14.34Ω), V2C 
MX (Rct = 9.72Ω), RuO2 (7.61Ω), NiFe-LDHs (Rct = 3.49Ω), NiFeCr-LDHs (Rct = 3.06Ω), NV-15MX (Rct = 2.35Ω), NV-30MX (Rct =

2.89Ω), and NV-10MX (Rct = 2.97Ω) shown in Fig. 4C, is in accordance with the sequence of their OER performances. The kinetics of 
the electrocatalyst reactions are extracted from the LSV polarization curves using Tafel plots. NV-5MX shows a low value of Tafel slope 
of (106 mV dec− 1) in comparison of V2C (146 mV dec− 1), RuO2 (136 mV dec− 1), NiFe (133 mV dec− 1), and NiFeCr (121 mV dec− 1) 
(Fig. 4D), suggesting the improved reaction kinetics of OER process [74]. The electrochemical surface area (ECSA) presented in 
Supplementary Figs. 7S(a–f) of synthesized materials are utilized to provide the intrinsic catalytic features by evaluating the elec
trochemical double-layer capacitance (Cdl) through a cyclic voltammetry (CV) method. As found in Fig. 4E, the NV-5MX presents the 
highest Cdl value (36.6 mF cm− 2) than V2C MX (33.8 mF cm− 2), NiFeCr (23.6 mF cm− 2), NiFe (21.2 mF cm− 2), NiCr (9.58 mF cm− 2), 
and Ni(OH)2 (3.19 mF cm− 2). It should be pointed out that the V2C MX shows the greater Cdl value than NiFeCr which might be due to 
the porous morphological features. Therefore, LSV curves of V2C MX, NiFeCr, NV-5MX were normalized by the corresponding ECSA 
values (Supplementary Fig. 8S) in order to evaluate their intrinsic OER activities and found the same trend of OER activity [72,87]. 
Besides, the electrochemical durability of an electrocatalyst is also crucial. For this stability test, NV-5MX, and RuO2 were subjected to 
chronoamperometric test (Fig. 4F) for more than 50 h at non-iR corrected 1.62V vs RHE and 1.68V vs RHE potentials respectively. 
Upon 53 h of long OER performance NV-5MX holds the 95 % current density whereas RuO2 holds 51 % of initial current density at 
1.62V. Similarly at higher overpotential values 1.68V, for higher current densities the NV-5MX still shows 93 % current retention, on 
the other hand, RuO2 retains only 43 % of initial current density. Interestingly, NV-5MX possess the regenerative current behaviour 
during long period OER performance whereas RuO2 presented a continuous decay in current density. Such regenerated activity during 
continuous OER operation signifies that the active sites in NV-5MX have greater possibilities to interact with the electrolyte solution, 
thus causing the faster ionic OH transportation and strengthening the electrode reaction during the OER process. Despite the massive 
release of O2 at electrode surface, the interaction between active metallic centers and the MXene support prevent detachment or 
agglomeration of active centers that improves the effect of MXene matrix for fast and stable electron transfer channels during the 
long-term OER electrocatalytic process [88–91]. Moreover, the current density of NV-5MX electrode nearly remains the same and 
shows a negligible decay at higher over potential region (Fig. 4g) after 2000 repeated CV cycles within the OER active region, however 
there is a positive drift of 40 mV in the Ni redox peak. Such peak shift in more anodic region can be associated with the in-situ formed 
oxidative passive layer at NV-5MX catalyst surface during continuous OER. Fundamentally, the in-situ formed passive layer modifies 
the surface charge density of the electrode and governs the adsorption kinetics of the electrolytic ions thus affecting the peak shape and 
position [92]. 

The improved order of OER electrocatalytic activity of the electrocatalysts (Ni(OH)2 < NiCr < V2C MX < RuO2<NiFe < NiFeCr <
NV-10MX < NV-30MX < NV-15MX < NV-5MX) can be ascribed to the synergistic electronic interaction among 3D crumpled V2C-MX 
framework and hetero-nuclei metallic ions. The highly conductive V2C-MX nanosheets can considerably suppress the charge transfer 
resistance in a hybrid electrocatalyst to yield a greater number of triple-phase boundaries for accelerated OER kinetics. The highly 
dispersed NiFeCr are immobilized on open pores of V2C-MX exposing massive metal atoms at inner/outer surface sites and edge 
positions thus provides sufficiently accessible active sites for improved electrocatalytic performance. Moreover the impede agglom
eration of active sites and enhanced redox activity of mixed metal cation centers ensure the outstanding stability of synthesized catalyst 
[93]. Finally, the synergistic chemical interaction of active metallic centers with 3D crumpled MX scaffold induces dominant electron 
transfer between NiFeCr and V2C-MX nanosheets that could greatly improve the intrinsic catalytic properties of the hybrid. Fig. 4H 
provides the schematic representation of activity and stability of NV-MX electrodes in alkaline media. 

4. Conclusion 

In summary, we report a facile synthetic protocol based on in-situ ammonia assisted liquid-phase coprecipitation of NiFCr on 3D 

A. Iqbal et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e35643

11

crumpled MX sheets in an open oil bath for NV-yMX electrocatalysts with different loadings of V2C MX sheets. Owing to a coupled 
effect of the conductive V2C-MX and OER-active NiFeCr, the NV-MX hybrid showed an eximious electrocatalytic activity with an 
overpotential of 410 mV at a current density of 200 mA cm− 2 and Tafel slope of 100 mV dec in 1MKOH indicating a considerably 
improved performance in comparison of pure NiFeCr, and RuO2. Meanwhile, NV-MX hybrid demonstrated adequate stability during 
53h of continuous OER process. A variety of characterization techniques such as XPS, RAMAN, XRD, and FESEM are employed to 
unveil the influencing factors for an improved OER electrochemical activity of NV-MX hybrid that can be listed as follows: the 3D 
crumpled framework of V2C MX sheets provides an open pore like structure for nucleation of electrochemically OER active NiFeCr at 
inner/outer surface sites and around edges of the sheets. The NV-yMX hybrid endows suitable crystallinity for effective charge transfer 
process at triple-phase boundaries. Besides, the synergy of well-dispersed dense coverage of hetero-metallic nuclei within the 3D 
network of crumpled V2C-MX sheets effectively lowers the overpotential and induces appreciable stability of composite at higher 
current densities. This work provides significant insights into designing advanced MXene architectures as a catalyst support to anchor 
hetero-nuclei metallic ions for improved OER kinetics. 
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