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1.1 Oxidative unzipping of multiwalled carbon nanotubes using KMnQO,

MWCNTs were used as received from Millipore sigma. For unzipping process initially, the MWCNTs were suspended in
concentrated sulfuric acid (H,SO4) for a period of 1-12 h and then treated them with 500 wt% potassium permanganate (KMnQOa).
The reaction mixture was stirred at room temperature for 1 h and then heated to 55—70 °C for an additional 1 h. The mixture was
agitated with a magnetic stirrer until all the KMnO4 was consumed, as noted by the disappearance of the red tint upon diluting a
sample of the reaction mixture with water. When all the KMnO4 had been consumed, we quenched the reaction mixture by
pouring over ice containing a small amount of hydrogen peroxide (H,0,). The solution was filtered over a polytetrafluoroethylene
(PTFE) membrane, and the remaining solid was washed with water followed by ethanol.t

1.2 Oxidative unzipping of multiwalled carbon nanotubes using ammonium persulfate

The MWCNT (200 mg) was added to a 100 mL round-bottom flask containing a mixture of concentrated sulfuric acid (20 mL) and
fuming sulfuric acid (20% free SOs basis, 20 mL). The suspension was stirred at room temperature for 5 min before adding
(NH4),25,0s (5.0 g) and the flask was connected to a condenser. The reaction mixture was stirred at 80°C for 24h and further
quenched with ice. The product was then isolated by vacuum filtration, washed with water, ethanol, and acetone.?

1.3 Synthesis of MoS, QDs and GNR/MoS; heterostructure

A total of 5 mg of ammonium tetra thiomolybdate (NH4),MoS,; was dissolved in 30 mL of H,0 and sonicated up to 1 h. Then, 500
uL of hydrazine hydrate (N;H4-4H,0) was added and sonicated for another 1 h. The solution was transferred to a 40 mL autoclave
and heated at 200 °C for 24 h. The resulting suspensions were centrifuged for 15 min at 10 000 rpm, and the supernatant solution
with MoS; quantum dots is collected. The supernatant solution was purified by dialysis in water and lyophilized to get solid MoS,
QDs for analysis. vdW heterostructure of GNRs and MoS, QDs (1:10 ratio) were fabricated via ultra-sonication method for 30
mins at room temperature.

1.4 Characterizations

The morphology of the GNR samples were studied using the S4800 scanning electron microscope. TEM images were obtained
with FEI 300/80 Titan TEM and FEI Tecnai G (2) F30 S-Twin 300kV TEM. TEM samples were prepared by drop cast method over C-
coated Cu grid. To remove agglomerates, the sample was sonicated to achieve a homogeneous dispersion. XPS measurements
were performed using Kratos AXIS ULTRA X-ray Photoelectron Spectrometer. The Raman spectroscopy was conducted on a NT-
MDT Raman spectrophotometer with 532 nm laser illumination. XRD measurements were performed on a p-XRD Empyrean 2
system. KPFM measurements were performed in two-pass amplitude mode (AM) using a Pt-coated conductive Si probe
(FMGO01/Pt, resonance frequency of 56 kHz).

1.5 Electrochemical measurements

The electrocatalytic performance was analyzed by cyclic voltammetry (CV), Linear sweep voltammetry (LSV), Electrochemical
impedance spectroscopy (EIS) and chronoamperometric test by using an CHI660E CH instrument workstation. All the experiments
were performed in a three-electrode configuration using platinum wire as a counter electrode, Ag/AgCl (3 M KCl) as a reference
electrode, and a glassy carbon electrode having a 3 mm diameter as a working electrode. The electrolyte used was a 0.5 M
aqueous H,S04 solution. The potential against Ag/AgCl was converted into a potential against a reversible hydrogen electrode by
using the following equation

E (RHE)= E (Ag/AgCl) + (0.197 + 0.059* pH) (1)
1.6 Computational Details

Density Functional theory calculations were carried out using Cambridge sequential total energy package (CASTEP) in Material
Studio software.? The generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerh (PBE) functional was used to
explain the exchange-correlation interactions. The GGA-PBE DFT method was adopted to consider the van der Waals (vdW)
heterostructure. For geometric convergence, the thresholds for energy and force were set to 10 eV/atom and 0.02 eV/A,
respectively. Cutoff energy of 550 eV was selected for a plane wave basis.* The Isovalue of the electric field distribution is 0.0028.
A 0.82-nm-diameter 2-layer MWCNT (8, 8) is fully and partly unzipped along the longitudinal axis into a flat GNR and partially
unzipped curved GNR, respectively. The MWCNT (8, 8) is radially unzipped into curved and flat GNRs with lengths of 1.5 and 1.8
nm, respectively. Carboxylic acid groups were added to unzipped edges of the CNTs as obtained from the XPS results. MoS,
Quantum dot structure was designed by creating a 3 x 3 x 1 2H-MoS; (002) supercell using crystal build property, from the bulk



2H-Mo0S,.The D3H-MoSs units is the unit cell and the simplest representation of the MoS; quantum dots. For each structure,
atomic positions were first relaxed to reach their equilibrium. The structural geometry optimization convergence thresholds for
energy changes and displacement were set to be 1 x 106 Ha, 0.002 A, and 2 x 104 Ha/A. The SCF tolerance was set to 1.0x10-5
eV/atom and the wiping for the orbital occupancy was set to 0.05 Ha. For each elementary step in the HER, the Gibbs free energy
was calculated using AG = AE ad-n + AEzpe - TASy, where Eqd-n refers to the adsorption energy of H* (* denotes the uncertain ion
state) on the catalytic site. AEzpr refers to the variance of zero-point energy, which can be found from vibration frequency
calculations. T is temperature and ASy is the half of Sy, which is a known thermodynamic feature for each adsorbate.

Fig. S1. (a) SEM image of pristine MWCNTS (b) Low resolution and (c) high resolution TEM images of MWCNT
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Fig. S2. AFM topography of (a) MWCNT, (b, c) of F-GNR and C-GNR, respectively. Insets are the height profiles corresponding to
the lines marked in the topography images.
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Fig. $3. (a) Raman spectrum of MWCNT, F-GNR and C-GNR (b) XRD spectrum of MWCNT, F-GNR and C-GNR and (c) FTIR of F-
GNR and C-GNR

MWCNT 0.14
F-GNR 1.03
C-GNR 0.98

Table S1. Ip/lg ratio from Raman spectrum for MWCNT, F-GNR and C-GNR



Fig. S4. (a, b) SEM images of F-GNRs (c) Low resolution TEM and (d) HRTEM images of F-GNR
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Fig. S5. (a, b) SEM images of C-GNR (c) degree of unzipping using the two oxidizing agents
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Fig. S6. (a) Raman spectrum of MoS, QDs (b) UV-Vis measurement (c, d) XPS high resolution spectrum of MoS; QDs (e) XRD of
drop casted MoS; QDs solution on a glass slide
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Fig. S7. XPS survey spectrum of (a) F-GNR/MoS;, High resolution XPS spectra of F-GNR/MoS; (b) C 1s (c) S 2p (d) Mo 3d. XPS
survey spectrum of (e) C-GNR/MoS; and High resolution XPS spectra of C-GNR/MoS; (f) C 1s (g) S 2p



The high-resolution Carbon XPS 1s spectra were deconvoluted and the peaks at 284 eV, 286 eV and 287 eV correspond to C-C, C—-
O and C=0, respectively. The shoulder peak at 289 eV is assigned to the carboxyl functional groups. The XPS of Sulfur species in
the vdW heterostructures were also investigated as shown with major peaks located between binding energy of 160 and 176 eV
corresponding to the S 2ps/; and S 2py/2 in MoS,.
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Fig. $8. Raman spectrum comparison
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Fig. S9. KPFM surface potential maps of (a) F-GNR, (b) C-GNR and (c) MoS; QDs (d) C-GNR/MoS; and (e) F-GNR/MoS;
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Fig. S10. Polarization curves for HER
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Fig. S11. Variation of onset potential and overpotential of MoS,, C-GNR, F-GNR, C-GNR/MoS; and F-GNR/MoS,
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Fig. S12. Electrochemical surface area (ECSA) measurements of F-GNR and C-GNR
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Fig. S13. Chronoamperometry measurements of C-GNR/MoS; and F-GNR/MoS;

(a)

Fig. S14. DFT simulated structures (a) and electronic charge distribution of F-GNR and C-GNR



Fig. S15. Ball and stick representation of the MoS; QD structure
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Fig. S16. Total energy of structures at different sites on F-GNR/ MoS,. The lowest energy is the most possible and stable
structure
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Fig. S17. Total energy of structures at different sites on C-GNR/ MoS,.

3.1 Curvature induced lattice strain and dual active sites

It is known that the curvature induces a strain because of the lattice mismatch in CNTs due to bending. This strain energy increases
quadratically with the bending angle. Unlike flat GNRs, the curvature in CNTS is partially preserved in C-GNRs and hence it also
experiences the lattice strain. The curvature induced lattice strain leads to variation of electronic properties of graphene.
Interestingly, when a curvature is introduced in the system, rehybridization of orbitals occur. The m orbitals are no more
orthogonal to the surface, and instead are rehybridized due to the effect of the lower lying o bonds due to the curvature-induced
lattice strain. The curvature also enhances the spin orbit interaction and results in a variation of the spin orientation axis and an
increase of the orbital angular momentum. The o-mt rehybridization effect can significantly change the band structures and
resulting electronic distribution of resulting graphene systems>-.

The curvature-induced lattice strain in GNRs causes changes in electronic distribution and causes an increased electron density
due to electron localization in the strained region. Our DFT analysis also confirmed the presence of high electron density hotspots
near the center of the curvature (due to curvature-induced strain) and at the edges in C-GNRs (functional groups). In the F-GNRs,
without curvature, high electron concentration sites are only available near the edges due to carboxylic acid functional groups.
As the interaction between MoS; QDs and GNRs are vdW in nature (dipole-dipole), MoS; QDs can interact and anchor to the high
electron density regions. As electron rich position in F-GNRs are only at the edges, it leads to GNR-MoS; active site to concentrate
on the edges in F-GNRs. However, in C-GNRs, as high electron density is available at the edges and the curved center, MoS; QDs
anchor on the edges and the center to result in two active sites. As the free energy of adsorption is different for the two positions,
it leads to the catalytic wave, as seen in the case of C-GNR-MoS; heterostructures. The presence of such multiple catalytic active



sites leading to electrocatalytic wave for water-splitting reactions have been reported previously. In one of our previous works,
we observed that MoS; C¢ vdW heterostructures exhibit two well-defined catalytic waves for hydrogen evolution reaction.
MoS,/Ceo system showed different fullerene arrangements, which were directly connected to the two catalytic HER waves.10
Similar nature was also reported by Sanchez et al. The oxygen electroreduction of laccase-AuNPs displayed two electrocatalytic
contributions, which were ascribed to the different electronic interactions between laccases and AuNPs.11

Catalyst Onset potential Reference
(mV)
Nitrogen and Sulfur Co-Doped Nanoporous Graphene -130 12
Graphitic Carbon Nitride Nanoribbons -80 13
graphitic carbon nitride coupled with nanoporous graphene co- -92 14

doped by S and Se

cobalt phosphide embedded carbon matrix -77.74 15
FeCo encapsulated Nitrogen doped Carbon nanotubes -70 16
MoS,-MoP nanosheet structures anchored on N-doped porous -125 17
carbon
This work -60

Table S2. Comparison of HER activities of various catalysts

Adsorption sites Eads (V) | 4G free energy (€V)
Pristine MoS, QD (S-active site) 0.23 0.2
F-GNR (skeletal C adjacent to -COOH group) -0.152 -0.13
C-GNR (skeletal C near center of curvature) -0.141 -0.12
F-GNR/MoS: (outer S atom) -0.23 -0.19
F-GNR/MoS: (skeletal C adjacent to — COOH group) -0.133 -0.14
F-GNR/MoS: (interfacial S atom) -0.095 -0.09
C-GNR/MoS; (outer S atom) -0.1265 |-0.11
C-GNR.MoS: (skeletal C near center of curvature) -0.150 -0.13
C-GNR/MoS: (interfacial S atom at the edge) -0.1035 | -0.08
C-GNR/MoS: (interfacial S atom at center of curvature) | -0.0575 | -0.05

Table S3. Calculated Gibbs free energy (AGy) for various sites for HER
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