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Additional experimental section

Density functional theory calculations. Density functional theory (DFT) calculations of the
BMHNS and controls were carried out using the ORCA 5.0.2 program with Avogadro software.!
Gibbs free-energy of the BMHNSs and controls were calculated based on the analytical frequency
calculation method using the BP86 functional with def2-SVP and def2/J basis sets.*® Note that
the calculations were utilized based on a computational hydrogen electrode model with no external
bias (U = 0) and standard conditions (7 = 298.15 K and P = 1 atm).”® The Gibbs free-energy
change (AG) can be written as:

AG = AE + AEzpg — TAS

where AE, AEzpg, and AS are the net total energy, net zero-point, and the net entropy change
between reactant and product states, respectively, 7 is the temperature. For the HER calculations,
the free energy of hydrogen adsorption of a catalyst (AGy) can be calculated using the following
equation:

AGH* = AEH* + AEZPE - TASH,
in which AEy, and AEzpg refer to the net adsorption energy and net zero-point energy, respectively,
are described as:

AEy, = E[H +] — E[+] — 2 E[H,],
and
* * 1 H
AEzpg = E%{PE — Ezpg — EEZPZE’

where E[H %], E[*], and E[H,] indicate the total energy of an absorbed hydrogen atom on the
nanohybrids, the total energy of the clean nanohybrids, and the total energy of a gas-phase H,
molecule, respectively; Efbe and Ejpg define the zero-point energies of an absorbed hydrogen
atom on the nanohybrids and the clean hybrids, respectively; and E;PZE describes the zero-point

energy of gas-phase hydrogen (298.15 K, 1 bar). For the OER calculations, the four elementary
steps and their free-energy changes are expressed as:

OH™ +*—>OH=x*+e™ : AG, (4)
OH*+0OH™ - 0+ H,0(l) +e™ : AG, (5)
O*+OH™ - OOH=*+e™ : AG; (6)
OOH x4+ OH™ = 0, (g) + H, 0 () + e~ : AG, (7),

where AG, , AG, , AGz , and AG, identify AGoy. , AGos — AGonus » AGoopx — AGo. , and
4.92 (eV) — AGpops, respectively. The values AE for the absorbed molecules are calculated based
on the following equations:

AEou. = E[OH <] ~ E[+] — (E[H,0] ~ 3 ETH, )
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AEo. = E[O *] — E[] — (E[H0] — E[H,])

AEoon. = EIOOH +] — E[+] ~ (2E[H,0] 3 E[H,] )

Similarly, AEzpg and AS are calculated under the same conditions as the calculation for HER.

The theoretical overpotentials for the OER is defined as:

max(AG,, AG,, AGz, AG
T]heory _OER _ ( 1 eZ 3 4) —1.23 (V)
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Figure S1. X-ray diffraction patterns of the combination of graphite, MoS,, and PVP: (002)
refractions of a) MoS» and b) graphite.

To estimate the layer spacing of 2D materials, (002) reflection in the XRD patterns was
investigated, as presented in Figure S1. The (002) reflection peaks of MoS> and graphite were
located at 14.320 and 26.176 °, respectively, which are consistent with 14.378 (JCPDS card no.
37—-1492) and 26.228 ° (JCPDS card no. 75—1621), respectively. The layer spacings of graphite

and MoS: were calculated using the following equation:

nA = 2dsin6f
where n is the diffraction order (n = 1 for (002) reflections of MoS, and graphite), A is the
wavelength (1.5418 A), d is the spacing of the crystal layers, and @ is the incident angle,
respectively. The calculated d values of MoS; and graphite were determined to be 0.62 and 0.34
nm, respectively, which are reasonably consistent with the reported values in the literature.®'? The

d values of graphite/MoS: were calculated to be 0.63 and 0.34 nm for MoS; and graphite layers,
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respectively, while the d values of graphite/MoS,/PVP were determined to be 0.65 and 0.35 nm
for MoS; and graphite layer, respectively, demonstrating that PVP facilitates the co-exfoliation of

2D materials.
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Figure S2. SEM images of a) graphite flake and b) bulk MoS: (scale bar: 500 nm).
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Figure S3. TEM images of NF (NiFe;O4) nanoparticles with size distribution histogram (scale bar:
50 nm).
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Figure S4. DFT calculations of the miniature models for the BMNHs: a) the miniature models of

components and b) optimized geometrical structures.

DFT calculations for the optimized geometrical structure were carried out using the miniature
models (Figure S4). Figure S4b shows the three different combinations: Graphene/PVP/metal ions,
MoS,/PVP/metal ions, and Graphene/MoS>/PVP/metal ions. From these results, the transition
metal ions are favorable to closely locate near MoS, due to strong interactions between the

transition metal ion and MoS,, which is consistent with the reported literature.!'!-'?
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Figure S5. Raman spectra of a) bulk MoS; and b) BMNHs and combinations (left: drying and
right: drying/annealing, with 532 nm excitation (asterisk: black (NiFe204), green (NiO),'* red
(Fe203),'* and blue (M003),!3 and red dash line: MoS; peaks).

To further investigate the conversion of 2H-MoS; to 1T-MoS,, Raman spectroscopy was utilized
for the MoS;-based combinations after the drying or drying/annealing process, as seen in Figure
S5b. During the drying process, a few NiFe>O4 nanoparticles were formed in NFMG and NFM,
but no phase conversion from 2H-MoS; to 1T-MoS: occurred. Moreover, it was revealed that the
phase conversion of 2H-MoS; to 1T-MoS; was not achieved in the absence of PVP or the
transition metal ions. In the absence of PVP, the E!y, and A1z modes for the MoS; overlapped
with the peaks of the metal oxide derivatives after the drying/annealing process, which was
attributed to the strong interactions between transition metal ions and MoS; as well as the
residual ethanol (i.e., oxygen precursor) in the hybrids. In addition, the formation of the metal
oxide derivatives destroyed the S edge in MoS;, resulting in the formation of MoOs3 in the
nanohybrids.'® On the other hand, in the absence of metal ions, the no corresponding peaks of

1T-MoS; were observed in the spectrum of MoS2/PVP despite the red shift of the A1 peak after
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the drying/annealing process. Thus, it can be concluded that the phase conversion of 2H-MoS: to
1T-MoS; is achieved in the presence of metal cations and PVP through the drying/annealing

process.
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Figure S6. Analysis of layer numbers in the BMNHs: TEM images of a) NFM and b) NFM (scale
bar: 50 nm).

Figure S6 shows the TEM images of the MoS: layers and graphite layers in the NFM and NFG,
respectively. Note that the similar shape of graphene sheets to MoS; sheets made it difficult to
distinguish graphene and MoS: sheets through TEM analysis. Nevertheless, owing to the
calculated 2D layer numbers of NFM and NFG similar to those of NFMG, we were able to select
both NFM and NFG to visually observe the MoS; and graphite layer numbers in the BMNHs.
The MoS; and graphite layers were determined to be approximately 3, as shown in Figure S6,
which is consistent with the calculated results in Figure 4a and 4b. Thus, these results support

that few-layered constituent 2D materials in the nanohybrids.
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Figure S7. X-ray diffraction patterns of (311) reflection of NiFe2O4 in the BMNHSs.

To estimate the crystalline size of NiFe2O4 in the BMHNSs, XRD analysis was carried out (Figure
S7). The crystalline size (D) of NiFe2O4 particles in the BMNHs was calculated using the Scherrer

equation.

KA

D=tet

in which X is a crystalline-shape factor (i.e., 0.9), 4 is the wavelength (1.5418 A), B is the width
(full-width at half-maximum) of the corresponding diffraction peak, and 6 is the Bragg angle,
respectively. The representative peak at 35.7° was assigned to (311), which was selected to
calculate D of the BMNHs. The D values increased in the order of NFM (5.84 nm) < NFMG
(6.30 nm) < NFG (13.97 nm) < NF (16.98 nm), which is similar to the measured particle sizes in

TEM images.
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Table S1. Equivalent circuit component values of BMHNSs calculated by fitting the EIS plots in
Figure 5c.

Sample Rs (Q) Ret () Ca (LF)
NFMG 11.8 7.3 188.2
NFM 11.9 11.5 144.8
NFG 12.3 39.9 49.9
NG 12.0 23.4 39.5
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Table S2. Equivalent circuit component values of BMHNSs calculated by fitting the EIS plots in
Figure 5f.

Sample Rs (QQ) Rt (Q) Ca (uF)

NFMG 12.0 4.1 323.5
NFM 11.7 32.0 166.1
NFG 11.8 8.1 244.5
NF 11.8 129.2 134.9
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Investigation of HER mechanism using Tafel slope
In alkaline media, HER follows three different reaction steps.
*+H,O0 () +e — H*+OH (1)
*+H,0 (1) + e + H* — H, (g)+ OH+2* (2)
H* + H* — H,(g) + 2* (3)

where * is the active site on a catalyst. The reaction steps, (1), (2), and (3), correspond to the

Volmer, Heyrovsky, and Tafel mechanisms, respectively. Tafel slope is expressed as follows:

2.303RT

Tafel slope =

where R is the gas constant, 7 is the room temperature,  is the transfer coefficient (i.e., 0.5), z is
the number of electrons transferred in the reaction, and F is the Faraday’s constant (96485 C mol™!).
In particular, z consists of the number of electron transfers before (zv) and during the rate-

determining step (RDS) (zr) in the Tafel slope, which can be modified as follows:!”

60 m Vdec ~1

Tafel slope = P
The calculated zv, zr, and corresponding Tafel slopes were summarized in Table S3. The Tafel
slope of NFMG, NFM, NFG, and NF were determined to be 78.8, 106.0, 114.8, and 139.7 mV
dec™!, as shown in Figure 5b. Based on these results, the RDS of NFMG is the Volmer—Heyrovsky

mechanism, while the RDS of NFM, NFG, and NF is Volmer mechanism.!8!?
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Table S3. Number of electron transfers before and during the RDS in the HER, and corresponding

Tafel slopes.

Tafel slope

Mechanism Zy Z;
(mV dec™)
Volmer 0 1 120
Heyrovsky 1 1 40
Tafel 2 0 30
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Figure S8. CV curves recorded at different scan rates in 1 M KOH: a) NFMG, b) NFM, ¢) NFG,

and d) NF.
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Estimation of the ECSA corrected current density

Estimation of the impact of surface area of the BMNHSs in electrocatalytic performance in the HER
and OER, respectively, was carried out. First, electrochemically active surface area (ECSA) was

calculated using the following equation.?’

Ca
ECSA = —
C

S

where Cq is the electrochemical double layer capacitance and Cs is the specific capacitance,
respectively. In general, the value of Cs is assumed to be 0.04 mF cm ™ in 1 M KOH.2!
Je
Caq ==
a=7

in which j. is the charging current density, and v is the scan rate, respectively. Note that the value
of Cqi were obtained from Figure 6a. The calculated ECSA of the BMNHs were summarized in
Table S3. Next, the current density with ECSA correction, jecsa was expressed as follows.??

o

JECSA = ECSA
Figure S9 shows the ECSA corrected j of the BMNHs for the HER and OER. The electrocatalytic
performance of NFMG is outstanding compared to other BMNHs. However, these results are not
convincing due to the following two reasons: 1) Not all electrochemically active sites provide
electrocatalytic active sites for HER and OER. ii) Even though graphite behavior as a non-faradaic
reaction increases in Cq) value, it results in poor electrocatalytic performance in HER and OER, as
seen in Figure S10, which leads to a higher Cq value compared to the actual Ca value for the HER
and OER. Considering the limitations of the use of jecsa, it was not able to use the current density

with ECSA correction. Therefore, it was decided to use the geometric area unit to calculate a

current density for the electrocatalytic data.
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Table S4. ECSA values of the BMNHs calculated using the Cq in Figure 6a.

Sample ECSA
NFMG 33.5
NFM 3.8
NFG 1.1
NF 0.8
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Table S5. Summary of the catalytic performance of the BMHNSs and other electrocatalysts for the
HER and OER shown in Figure 6c.

Sample Nuer (MV) Ref Sample Nogr (MV) Ref
Pt/C 35 This work GMBT 283 This work
NFMG 234 This work RuO, 295 This work
NFM 363 This work NFG 331 This work
NFG 411 This work NFM 354 This work
NF 417 This work NF 455 This work
NiFe,04 264 23 NiO/NiFe:04 302 31
nanorods
) mesoporous
Ni1s5FeosP 282 24 NiO/NiFe 04 303 32
NiFe;O4 300 25 CnrSPNF 327 33
NiFe LDH- )
NS@DG10 300 26 NiFe>0O4 nanotubes 340 34
NiP;,-FeP,/CFP 323 27 NiFe;O4/NF 343 35
Ni-Fe
LDH(60%)/MX- 326 28 NiFe>04-H» 389 36
RGO
3DOM-
CnrSPNF 329 29 NiFe:Ospowder/CC 404 37
. Mesoporous
NiFe;O4 412 30 NiFe,0s 410 38
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Figure S11. Analysis of morphology of NFMG after water splitting at an applied potential of 1.79
V for 24 h: (a,b) SEM and (c,d) TEM images of NFMGs for (a,c) HER and (b,d) OER, respectively
(scale bar: 500 nm and 50 nm for SEM and TEM images, respectively). After the electrolysis,

dried NFMGs under vacuum to remove the residual electrolyte were analyzed.
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