
 
 

 

 
Nanomaterials 2022, 12, 2886. https://doi.org/ 10.3390/nano12162886 www.mdpi.com/journal/nanomaterials 

Supporting Information 

Development of Binder-Free Three-Dimensional Honeycomb-
like Porous Ternary Layered Double Hydroxide-Embedded 
MXene Sheets for Bi-Functional Overall Water Splitting  
Reactions 
Sajjad Hussain 1,2, Dhanasekaran Vikraman 3, Ghazanfar Nazir 2, Muhammad Taqi Mehran 4, Faisal Shahzad 5,  
Khalid Mujasam Batoo 6, Hyun-Seok Kim 3 and Jongwan Jung 1,2,* 

1 Hybrid Materials Center (HMC), Sejong University, Seoul 05006, Korea 
2 Department of Nanotechnology and Advanced Materials Engineering, Sejong University,  

Seoul 05006, Korea 
3 Division of Electronics and Electrical Engineering, Dongguk University-Seoul, Seoul 04620, Korea 
4 School of Chemical and Materials Engineering (SCME), National University of Sciences & Technology 

(NUST), Islamabad 44000, Pakistan 
5 Department of Metallurgy and Materials Engineering, Pakistan Institute of Engineering and Applied  

Sciences (PIEAS), Islamabad 45650, Pakistan 
6 King Abdullah Institute for Nanotechnology, King Saud University, Riyadh 11451, Saudi Arabia 
* Correspondence: jwjung@sejong.ac.kr; Tel.: +82-2-3408-3688; Fax: +82-2-3408-4342 

Characterizations: 
The prepared structures were confirmed using X-ray diffraction (XRD; Rigaku 

D/max-2500 diffractometer) analysis with Cu-Kα radiance. X-ray photoelectron spectros-
copy (XPS) was performed using PHI 5000 Versa Probe (Al Kα radiation source, 25 W, 6.7 
× 10-8 Pa). The variations in the surface morphology of the prepared nanostructures were 
validated using transmission electron microscopy (TEM; JEOL-2010F) and X-ray ele-
mental analysis combined with field-emission scanning electron microscopy (FESEM; 
JEOL JSM-6700F).  

 
Figure S1. (a) SEM- EDX spectrum analysis of NiFeCo-LDH@MXene; (b) elemental wt % their ele-
ment distribution for Ni, Fe, Co, Ti, and C. 



Nanomaterials 2022, 12, 2886 2 of 9 
 

 

 
Figure S2. (a) FESEM image of NiFeCo-LDH@MXene and (b–f) their elemental mapping images; 
(b) Ni ; (c) Fe ; (d) ;Co ; (e) Ti and (f) C elements. 

 
Figure S3. XRD pattern of MAX phase Ti3AlC2. 



Nanomaterials 2022, 12, 2886 3 of 9 
 

 

 
Figure S4. XPS survey spectrum of NiFeCo-LDH@MXene. 

 
Figure S5. Raman spectrum of MXene, NiFe-LDH@MXene and NiFeCo-LDH@MXene. 
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Figure S6. SEM images of NiFe-LDH (a) low and (b) high magnification. 

Figure S7. XPS analysis of NiFeCo-LHD@MXene hybrid after 24 h OER performance: (a) survey 
scan; (b) Fe 2p; (c) Ni 2p; (d) Ti 2p; (e) and (f) Co 2p binding energy. 
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Figure S8. CV profiles current variation at different scan rate at 0.9 V vs RHE for NiFe-LDH@MXene 
and NiFeCo-LDH@MXene. 

ESA calculation:  
ESA were evaluated using the following relation: 𝐸𝑆𝐴 𝐶 𝐶  

where, Cdl is the double layer capacitance and Cs is the specific capacitance. Cs = 0.040 
mF.cm-2 for 1 M KOH.[1] Cdl values were estimated by the relation id = νCdl, where id  is 
the current differences from double layer anodic and cathodic current density, ν is the 
scan rate and Cdl value evaluated from the fitted slope value. 

 
Figure S9. Time dependent current density variations of NiFe-LDH@MXene║NiFe-LDH@MXene 
device at a constant applied voltage for continuous water splitting operation over 24 h 
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Table S1. HER catalytic performances LHD-based electrocatalysts. 

Electrocatalyst Electrolyte η (mV) Tafel Slope 
(mV·dec-1) 

Ref 

NiFeCo-LHD@MXene  1M KOH  34 @ 10 mA/cm2 62 This 
work 

FeNi3N/NF 1M KOH  75 @ 10 mA/cm2 98 [2] 
NiS/Ni 1M KOH  158 @ 20 mA/cm2 83 [3] 

np-(Co0.52Fe0.48)2 P 1M KOH 79 @ 20 mA/cm2 40 [4] 
V-Ti4N3Tx 0.5 M H2SO4 300 @ 10 mA/cm2 190 [5] 

FeNi@MXene (Mo2TiC2Tx) 1M KOH 160@ 10 mA/cm2 103.46 [6] 
V-Ni3S2/NixPy/NF 1M KOH 90@ 10 mA/cm2 94.9 [7] 

 NiFeCoP/NF Nanorod 1M KOH 82.7@10 mA/cm 84.8 [8] 
Ru-NiCoP/NF 1M KOH 32.33@ 10 mA/cm2 60.97 [9] 

NiFe/NiCo2O4/Ni 1M KOH 105@10 mA/cm 88 [10] 
np-NiFeCoP 1M KOH 105@10 mA/cm 61.7 [11] 
BNNS@Ti3C2 0.5M H2SO4 52@10 mA/cm 39 [12] 
IrCo@ac-Ti3C2 1M KOH 220@10 mA/cm 60 [13] 
CoP/Mo2CTx 1M KOH 78@10 mA/cm 66 [14] 

Ni-Co-Sn 1M KOH 76@10 mA/cm 63 [15] 
Pt-V2CTx MXene 0.5M H2SO4 27@10 mA/cm 36.5 [16] 
p-NFNR@Ni-Co-P 1M KOH 125@10 mA/cm 85 [17] 

MoS2@Mo2CTx 0.5M H2SO4 176@10 mA/cm 207 [18] 
Au/Ni3S2 1M KOH 97@10 mA/cm 72 [19] 

FeNi@Mo2TiC2Tx@NF 0.5M H2SO4 165@10 mA/cm 103.46 [6] 
PtOaPdOb 

nanoparticles@Ti3C2Tm 0.5M H2SO4 26.5@10 mA/cm 39 [20] 

M3OOH@V4C3Tx 1M KOH 275.2@10 mA/cm 51.4 [21] 
CoP/Ni2P@HPNCP 1M KOH 106@10 mA/cm 65.9 [22] 
Ti2NTx@MOF-CoP 1M KOH 112@10 mA/cm 67.1 [23] 

Mo–NiCoP 1M KOH 76@10 mA/cm 60 [24] 
NiFe-LDH/MXene-RGO 1M KOH 362@10 mA/cm 100 [25] 
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Table S2. OER catalytic performances LHD-based electrocatalysts. 

Electrocatalyst Electrolyte η (mV) Tafel Slope 
(mV·dec-1) 

Ref 

NiFeCo-LHD@MXene 1M KOH 130 @ 10 mA/cm2 52 This 
work 

FeNi3N/NF 1M KOH 202 @ 10 mA/cm2 40 [2] 
NiS/Ni 1M KOH 335 @ 50 mA/cm2 89 [3] 

np-(Co0.52Fe0.48)2 P 1M KOH 270 @ 10 mA/cm2 30 [4] 
 NiFeCoP/NF Nanorod 1M KOH 244.4@100 mA/cm 40.90 [8] 

Ru-NiCoP/NF 1M KOH 233.77@ 50 mA/cm2 52.66 [9] 
NiFe/NiCo2O4/Ni 1M KOH 240@10 mA/cm2 38.8 [10] 

Ripple-like sNiFeCo/NF 1M KOH 180 @ 100 mA/cm2 50.4 [26] 
FeNi@MXene (Mo2TiC2Tx) 1M KOH 190@ 10 mA/cm2 42.78 [6] 

np-NiFeCoP 1M KOH 220@10 mA/cm 41.4 [11] 
NiFeS/NF 1M KOH 189 @ 100 mA/cm2 119.4 [27] 

CoP/Mo2CTx 1M KOH 260@10 mA/cm 51 [14] 
Ni-Fe LDH hollow 

nanoprisms 
1M KOH 280 @ 100 mA/cm2 49.4 [28] 

NiFeCoP/NF 1M KOH 109@10 mA/cm 40.90 [8] 
CoFe-LDH on MXene 1M KOH 319 @ 10 mA/cm2 50 [29] 

Ni-Co-Sn 1M KOH 270@10 mA/cm 62 [15] 
Au/Ni3S2 1M KOH 230@10 mA/cm 51 [19] 

FeNi-LDH/Ti3C2-MXene 1M KOH 250 @ 10 mA/cm2 42 [30] 
Ru-NiCoP/NF 1M KOH 233.77@ 50 mA/cm2 52.66 [9] 

Ti3C2Tx/TiO2/NiFeCo-LDH 1M KOH 155 @ 10 mA/cm2 98.4 [31] 
NiFeCuP@Ni3S2 1M KOH 230@ 10 mA/cm2 42 [32] 

p-NFNR@Ni-Co-P 1M KOH 272@10 mA/cm 62 [17] 
NixFe1-xSe2-DO 1M KOH 195 @ 10 mA/cm2 28 [33] 

Co3O4/Co-Fe oxide 1M KOH 279 @ 10 mA/cm2 61 [34] 
CoP/Ni2P@HPNCP 1M KOH 294@10 mA/cm 65.5 [22] 
a-NiFe-OH/NiFeP 1M KOH 199 @ 10 mA/cm2 39 [35] 

Ni2CoFe- LDH/N-GO 1M KOH 151 @ 10 mA/cm2 56.8 [36] 
NiFe- LDH/CNT 1M KOH 154 @ 10 mA/cm2 35 [37] 

Carbon-QD/NiFe- LDH 1M KOH 151 @ 10 mA/cm2 30 [38] 
(Ni,Co)0.85Se@ NiCo LDH 1M KOH 216 @ 10 mA/cm2 85 [39] 

Ti2NTx@MOF-CoP 1M KOH 241@50 mA/cm 96.7 [23] 
Mo–NiCoP 1M KOH 269@10 mA/cm 76.7 [24] 

CoNi LDH/Ti3C2T 1M KOH 257.4@100 mA/cm 68 [40] 
NiFeP/MXene 1M KOH 286@50 mA/cm 35 [41] 

NiFe LDH/Ti3C2Tx/NF 1M KOH 200@10 mA/cm 64.2 [42] 
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Table S3. Comparison of overall water splitting of NiFeCo-LHD@MXene with various electrocatalysts. 

Electrocatalyst. Electrolyte η (V) @ 10 mA/cm2 Ref 
NiFeCo-LHD@MXene 1M KOH 1.41 This work 

NiS/Ni 1M KOH 1.64 [3] 
np-(Co0.52Fe0.48)2 P 1M KOH 1.53 [4] 

NiFeCoP/NF 1M KOH 1.56 @ 30 mA/cm2 [8] 
Ru-NiCoP/NF 1M KOH 1.50 @ 30 mA/cm2 [9] 
CoP/Mo2CTx 1M KOH 1.56 [14] 

Ni-Co-Sn 1M KOH 1.76@ 50 mA/cm2 [15] 
p-NFNR@Ni-Co-P 1M KOH 1.62 [17] 

CoP/Ni2P@HPNCP 1M KOH 1.59 [22] 
Ti2NTx@MOF-CoP 1M KOH 1.61 [23] 

Mo–NiCoP 1M KOH 1.61 [24] 
NiFeP/MXene 1M KOH 1.61 [41] 
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