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Supplementary Figure 1. Characterization of (hexagonal boron nitride) hBN layers. (a) and (b) X-
ray photoelectron spectroscopy (XPS) characterizations of as-growth hBN films. The 190.4 eV and
398.0 eV peaks are assigned to B 1s and N 1s peaks, respectively®. (c) UV-visible spectra of the hBN
film. Inset shows a bandgap of 6.14 eV for our hBN estimated using the data in the figure, which
value is consistent with that reported?. (d) Height profile of a monolayer hBN on silicon substrates
measured by atomic force microscope. (e,f) High resolution Transmission Electron Microscope
images. A bilayer fold is found at the edge of the hBN film, with two monolayers clearly seen. This
further proves the monolayer nature of our hBN. (g) High Angle Angular Dark Field-Scanning
Transmission Electron Microscopy (HAADF-STEM) image of a monolayer hBN crystal. The inset
shows the corresponding fast Fourier transform. Cyan and blue balls indicate B and N atoms,
respectively. The d-spacings of (1010) planes of hBN is 0.212 nm. (h) Line intensity profile
measurements from A-A’ in (c) showing the difference in intensity between the B and N atoms. (i)
Scanning Transmission Electron Microscopy-Electron energy loss spectroscopy (STEM-EELS)
spectrum of hBN.



As shown in Supplementary Fig. 1, XPS (Supplementary Fig. 1a, b) analysis prove the B—N chemical
bonding structures and UV-visible spectra (Supplementary Fig. 1c) proved that the band gap is
consistent with the monolayer hBN reported in the literature?. Other characterizations,
transmission electron microscope (TEM) and atomic force microscope (AFM) images consistently
show that the as-grown hBN is indeed monolayer (Supplementary Fig. 1d-f). The HAADF-STEM
(Supplementary Fig. 1g, h) clearly distinguish the B and N atoms in the hexagonal lattice, with
higher intensity of N atoms (blue) than that of B atoms (cyan). Fast Fourier transform spots from
the whole image (inset of Supplementary Fig. 1g) demonstrate hexagonal spots, assuring the
hexagonal structure of the sample. The STEM-EELS spectrum (Supplementary Fig. 1i) also shows
two peaks around 198.8 and 410.1 eV, corresponding to K-shell ionization edge of B and N atoms,
respectively®3. All these experimental evidences support the monolayer hBN crystal nature of our
films.

lon permeation measurements

To further investigate the impermeability of our CVD hBN crystals, we measured ion transport
through the CVD hBN membrane. Schematic of our experimental set-up is shown in Supplementary
Fig. 2. The CVD hBN membrane is transferred to a SiN chip with a 2 um diameter hole, and the SiN
chip is mounted in the middle of two reservoirs. Ag/AgCl electrodes are placed inside each
reservoir to measure ionic current. No detectable ionic current is obtained within our
measurement limit (~5 pA), indicating that the permeability of K* and OH" through the CVD hBN
membrane is <10 S. That indicates a membrane porosity <10, which value is consistent with
that estimated in gas permeation experiments.
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Supplementary Figure 2. lon permeation measurements set-up.

Gas permeation measurements

To investigate whether our hBN membrane is dense and continuous, we measured helium gas (He)
transport through hBN membranes. Schematic of our experimental set-up is shown in
Supplementary Fig. 3a. In brief, chemical vapor deposition (CVD) hBN membranes were suspended
on an aperture drilled on silicon substrates and were sandwiched between two He leak tight
vacuum chambers (leak rate <101 mol s), following the established methods reported in ref. 4.
One chamber is filled with helium gas at pressure Pue = 1 bar, while the other chamber is kept at
vacuum and is connected to a He leak detector (Leybold Quadro Dry). Due to the small kinetic
diameter of He gases (kinetic diameter ~2.6 A), its permeation can be used to detect angstrom-
scale defects in membranes®. As shown in Supplementary Fig. 3b, however, the permeability of
helium through the CVD hBN membrane is under our detection limit (<10* mol s1). In a parallel



experiment, we measured the helium permeation through the aperture without hBN coverage,

which is about 10® mol s*. Within our measurement accuracy limit, we estimate a membrane

porosity <10, or 1 nm? defective area per micron meter square.
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Supplementary Figure 3. Helium transport through hBN membranes. (a) Schematics of gas
permeation measurements set-up. Black circles represent rubber O-rings for sealing. (b) Leak rate
(i.e. He permeation rate) as a function of time. We fill the top chamber with the He gas at the time

point marked as “Helium on”, and pumped out the He gas at the time point marked as “Helium

off”.
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Supplementary Figure 4. Schematic diagram of wet transfer method.
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Characterization of NiFeO,H, catalytic layer
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Supplementary Figure 5. Characterization of the electrochemically deposited NiFeOxHy, catalytic
layer. (a) to (c) X-ray photoelectron spectroscopy of Ni 2p, Fe 2p and O 1s spectrum of NiFeOxH,,
respectively. (d) Scanning electron microscope image of the NiFeOH, layer. (e) to (f) Energy
dispersive spectrum for the elemental distribution in the NiFeOxH, layer. (g) Optical image of
NiFeOxHy on Au contact. The NiFeOxHy layer thickness is about 60 nm.

As shown in Supplementary Fig. 5a to 5c, X-ray photoelectron spectroscopy (XPS) results confirm
the presence of Ni, Fe, and O elements. Specifically, the Ni 2p spectrum shows two peaks that can
be assigned to Ni%*, with Ni 2ps/, at 855.4 eV and Ni 2p1; at 873.1 eV. The Fe 2p3;; at 711.5 eV can
be assigned to Fe3* 6. The O 1s characteristic peak at 531.0 and 531.9 eV can be attributed to lattice
oxygen and hydroxy groups’. (X-ray Diffraction) XRD characterization shows no diffraction signals,
indicating that the NiFeOH, layer is likely to be amorphous. Scanning electron microscopy shows
that the obtained NiFeOyHy layer is uniform with no visible dis-continuity. Energy dispersive
spectrum (EDS) elemental analysis confirms that the Ni, Fe and O elements are uniformly
distributed, with a 3:1 atomic ratio between Ni and Fe elements (Supplementary Fig. 5d-f). All these
results indicate that the materials prepared are amorphous NiFeOH,.
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Supplementary Figure 6. X-ray spectrum characterizations of hBN, NiFeOH, and hBN/NiFeOxH,
heterostructures. (a) Ni 2p, (b) Fe 2p and (c) O 1s spectrum of NiFeOxH, with and without hBN
encapsulation. (d) B 1s and (e) N 1s spectrum of hBN before and after assembly on NiFeOxH, layers.

No peak shift is observed in all cases, indicating the absence of bonding between hBN and NiFeOxHy,

layers

The XPS peak attributed to oxygen (O) demonstrates substantial disparity between its profiles

before and after hBN encapsulation (Supplementary Fig. 6c). The hBN/NiFeOxH, shows three O 1s
characteristic peaks at 530.9, 531.9, and 533.5eV. The 530.9 eV peak can be ascribed to lattice
oxygen. The peak features positioned at 531.9 and 533.5 eV can be attributed to OH groups and

H,0 adsorbed on the surface, respectively®”.
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Supplementary Figure 7. Stability of hBN/NiFeOxH, heterogeneous electrodes. (a,b) XPS spectra

and (c) electron microscope characterization of hBN/NiFeOxHy, before and after OER. No detectable

peak shift or visible damage of hBN layer is observed.
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Supplementary Figure 8. The electrochemical active surface area (ECSA) and EIS measurements.
(a) Cyclic Voltammetry (CV) curves for hBN/NiFeOxH, carried out in non-faradic regions at different
scan rates in 1M KOH. (b) The Cq calculations. (c) Electrochemical impedance spectra (EIS) for
hBN/NiFeOH,,

The ECSA of the hBN/NiFeOxH, is 3.08 cm?, and its Jecsais 60 mA cm2@1.53 V which is an order of
magnitude higher than other NiFeOxHy, catalysts in literature”8°,

EIS was measured in 1M KOH (pH = 13.65). In Supplementary Fig. 8c, the Nyquist plot is fitted using
Randles equivalent circuit model. The charge transfer resistance of hBN/NiFeOxH, catalyst is found
to be 0.4 Q cm™, which is comparable to that of NiFeO4Hy reported literatures'®?, This is also
consistent with our conclusion that the presence of hBN introduces negligible interlayer charge
transfer impedance.

Isotope labelling experiments

NiFeOxH, were labeled with 80-isotopes by using H,80 solutions for electrochemically deposition.
Afterward, the '20-labeled catalysts were rinsed with H>'®O for serval times to remove the
remaining H2'80. The Raman peaks of the 180-labeled hBN/NiFeOxHy shifts to lower wavenumbers
as compared to that of *0-labeled hBN/NiFeOH, (Supplementary Fig. 9a), because of the impact
of oxygen mass on the vibration mode?®2. This result suggests the successful fabrications of 20
labelled hBN/NiFeOxH, samples.

The OER performance of ¥0-labeled hBN/NiFeOxH, was measured using an analogous method as
described in main texts. To analyze their gas products, OER reactions were performed in a closed
electrolytic cell at 1.72 V versus RHE. Gas product was transferred from the chamber to our Gas
Chromatography-Mass Spectrometry using an injection needle. Signals of three possible products
were monitored: 00, 6080, and 80%0. If lattice oxygen oxidation mechanism (LOM)
dominate, 180 element is expected to be found in the gas products. However, this expectation is
found against our experiments, where no 20 element higher than nature abundance was detected
within our detection limit (Supplementary Fig. 9b).
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Supplementary Figure 9. 30 isotope labelling experiment. (a) Raman spectrum of '80-labelled
hBN/NiFeOxH, electrodes. (b) Oxygen products measured by Gas Chromatography-Mass
Spectrometry (GC-MS). The relative ratio of 30, to 320, and 3*0, to 320, was measured every 60 s.

Dots are experimental data. Solid lines represent their natural abundance.

To further prove the encapsulation of our hBN layers, we add tetramethylammonium cation (TMA?)
in the solution and measure the OER performance of hBN/NiFeOxH, electrodes. We choose TMA*
because it is expected to occupy the active sites on NiFeO4H, (without hBN coverage) and inhibit
OER performance there®3. In our case of using hBN/NiFeOxH, electrodes, however, little change of
OER performance was observed. Such result also indicates that our hBN is dense and stable at
reaction conditions, preventing any direct contacts between species and the NiFeOxH, layer. In
addition to results in Supplementary Fig. 9, Supplementary Fig. 10 also indicates that the LOM
mechanism is not likely to be the dominant mechanism in our case.
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Supplementary Figure 10. Linear sweep voltammetry of hBN/NiFeOxH, in KOH and TMAOH.
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Supplementary Figure 11. Linear sweep voltammetry of hBN/NiFeO4H,, Graphene (Gr)/NiFeOxH,
and NiFeOxH, electrode. For the preparation of Gr/NiFeOxH, electrodes, we use analogous
methods to that of preparing hBN/NiFeO4H, electrodes, but with the hBN layer being replaced by
centimeter sized monolayer CVD graphene.

hBN/NiFeOxH, microdevices using mechanically exfoliated monolayer hBN crystals

To fabricate the hBN/NiFeOxH, microdevices, first, single layer hBN crystals were mechanically
exfoliated onto silicon substrates and transferred onto the NiFeOxHy/Au contacts using dry transfer
techniques* (Supplementary Fig. 12 and 13). The lateral size of typical hBN monolayers is about
10 um. The thickness of hBN monolayers are confirmed by atomic force microscopy
(Supplementary Fig. 12). Next, we exposed only the hBN-covered area using e-beam lithography
while keeping all other parts of the devices encapsulated with inert polymer. Subsequently, KOH
solutions were drop-casted onto the device. A probe station (MPS150, Cascade Microtech)
electrically connected the gold electrode with the electrochemical workstation for
electrochemistry measurements. Hg/HgO electrode and platinum wires were used as reference
electrode and counter electrode, respectively.
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Supplementary Figure 12. Optical image and thickness of the exfoliated monolayer hBN.

As shown in Supplementary Fig. 13, electrodes encapsulated using mechanically exfoliated hBN
crystals show a similar OER current density as compared to that from CVD hBN samples, despite
the considerably higher defect densities in the latter hBN>1®, This result indicates that defects in

hBN layers are not likely to play a noticeable role in our case and the basal plane is electro-catalytic.
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Supplementary Figure 13. Devices encapsulated using mechanically exfoliated monolayer hBN
crystals. (a) to (i) Schematic of device fabrication and measurement flow using mechanically
exfoliated hBN monolayer crystals. PMMA (polymethyl methacrylate) and PVA (polyvinyl alcohol)
substrates are used to improve the cleanliness of the obtained hBN crystal*. (j) Current density
diagram of mechanically exfoliated monolayer hBN/NiFeOxHy and NiFeOH, samples. Inset shows
an optical image of a final device. The area inside the yellow dotted line represents the reaction
window defined by e-beam lithography. Error bars represent standard deviations.

Density Functional Theory (DFT) analysis

In our DFT calculations, slab model of the hBN/NiFeOxH, heterostructure was built using a Ni/Fe
ratio of 3. Structural optimizations were performed by Vienna Ab-initio Simulation Package
(VASP)Y” with the projector augmented wave (PAW) method®®. The exchange-functional was
treated using the Perdew-Burke-Ernzerhof (PBE) functional'®. The DFT-D3 correction was
introduced to describe the weak interactions between atoms?°. The cut-off energy of the plane-
wave basis was set at 450 eV in structural optimization. For the optimization of both geometry and
lattice size, the Brillouin zone integration was performed with 2x2x1 Gamma?! k-point sampling.
The self-consistent calculations applied a convergence energy threshold of 107 eV. The equilibrium
geometries and lattice constants were optimized with maximum stress on each atom within 0.02
eV AL, Hubbard U correction was added to describe strong interactions of 3d-orbitals of Fe and Ni,
where Ure=5.3 eV and Uni=6.6 eV?%?3, Spin polarization method was adopted to describe the
antiferromagnetic hBN/NiFeOxHy and NiFeOxHy. In the structural optimization of hBN/NiFeOxHy
heterostructure, magnetic moment of half of the Fe and Ni atoms was set at 3uB and 1uB,
respectively; magnetic moment of the other half of Fe and Ni atoms was set at -3uB and -1uB,
respectively. Initial structure of NiFeOxHy and hBN/NiFeOxHy is shown in Supplementary Fig. 14.
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Supplementary Figure 14. (a) and (b), Top and side view of NiFeOxH, layer, respectively. (c) and (d),
top and side view of hBN/NiFeOxH, heterostructure, respectively. Fe, Ni, O, B, N and H atoms are

indicated by brown, grey, red, cyan, blue and white atoms, respectively.

The isosurface level of charge density difference was set at 0.005 e A3. Charge density difference
was obtained by vaspkit interface?®. As shown in Supplementary Table 3, we find an interfacial
charge transfer of ~0.15 e from hBN to NiFeOxHy which result indicates the successful creation of

the hBN/NiFeOxH, heterostructure.
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Supplementary Figure 15. Calculated density of states (DOS). (a) Top panel, DOS calculated for
individual hBN. Bottom panel, projected DOS of hBN (green line) from the total DOS of
hBN/NiFeOHy (red line). (b) Top panel, DOS calculated for individual NiFeO4H,. Bottom panel,
projected DOS of NiFeOxHy (green line) from the total DOS of hBN/NiFeOxHy (red line).

Supplementary Fig. 15 reveals that a reduced bandgap is found for hBN/NiFeOxHy heterostructures
with respect to that of either hBN or NiFeO4Hy, which result can be attributed to the increased
density of states at the Fermi level of NiFeO4H, within the heterostructure (Supplementary Fig.
15b). hBN also exhibits a down-shift in its anti-bonding orbitals (Supplementary Fig. 15a) which



leads to a charge transfer of 0.15 electrons (per 1.33 nm?2, which is the area used in our model that
contains 25 units of hBN and 16 units of Nig.7sFeq250xH,) to NiFeOxHy (Supplementary Table 3).
These results indicate favorable OH* adsorption on hBN surfaces in hBN/NiFeOH,
heterostructures. Therefore, we further calculated the OH* adsorption energy and found that,
indeed, the adsorption energy on hBN/NiFeOxH, (-1.78 eV) is considerably larger than that on bare
hBN surface (-0.92 eV) (Supplementary Table 4). Such result further supports the importance of
hBN/NiFeOxHy heterostructures to OER reactions.

Adsorption energy Eags of OH on hBN/NiFeOxH, is described as:
Eads = Evon - Et - Eon (1)
where Eron is the total energy of OH on hBN/NiFeO4H,. E; is the total energy of hBN/NiFeOxH,,
without OH™ adsorptions. Eon is the total energy of OH species which are treated as electronically
neutral particles in VASP. An analogous expression applies on bare hBN and NiFeOxHy layers.

To calculate the Gibbs free energy of OER process, we employ the computational hydrogen
electrode (CHE) model developed by Ngrskov et al®. The elementary steps of oxygen evolution

reaction are described as the following?®:

*+H,0 > *OH+H* +e (2)
*OH-> *O+H +e (3)
*O+H,0> *O*OH+ H'+e (4)
*O*OH > *0*0 + H* + & (5)
*0*0 > * + 0, (6)

where * represents the bare surface of hBN/NiFeOxH, heterostructure. *OH, *O and *OOH
represents the state of heterostructure surfaces with adsorbed OH, O and OOH intermediates,
respectively. Gibbs free energy G of intermediates were calculated as G = E + E;pe— TS, where E, Ejpe
and S indicate energy, zero-point energy and entropy of surface adsorbing H atom, respectively. T
is the temperature and 7 =298.15 K. The Gibbs free energy of H atom was calculated according to
H, > H* + e, where G(H*) = 1/2G(Hz). The entropies of the free molecules H; and H,0 can be found
in the NIST database?’. Meanwhile, we obtain the free energy of O, by the equation of G(0,) = 4.92
+ 2G(H0) - 2G(H2), due to the bad description of magnetism of O, in VASP. E;5e and TS of
intermediates were obtained by vaspkit interface?®. pH value was set at 14 to simulate the
experimental conditions. The applied potential is set at 0 V as a correction behind AG of OER.
Thermodynamic activity of OER is judged by examining the rare-limiting potential of the reaction
(UL), which is determined by = - {AGj, ..., AGnh}/e, where AG, is the reaction free energy of the nth

electrochemical step.
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Supplementary Figure 16. hBN conductivity measurements. (a) Schematic diagram of the
conductive AFM measurements. (b) /-V curves of single layer hBN on Cu substrate. The red dashed
line is the best linear fit using the current at small bias (0 to 200 mV).

To find out the hBN’s conductivity along the direction perpendicular to its basal plane, we use
conductive AFM technique where the voltage bias is applied between the AFM tip and the copper
substrate. The electron conductivity (o) was calculated with the following equation:

X

(7)

)
BRI
>~

The channel length (L) is the thickness of the single layer hBN, and A is the contact area of AFM
tips, where R = V/I. p is the electrical resistivity. At small bias (10 mV), a tunneling current of 0.1 nA
(note that the contact area of the AFM tip is ~2000 nm?) is found which allows us to estimate an
electron conductivity of ~7x10%S m™ that is consistent with the values reported in the literature.
Further increasing the bias leads to a nonlinear increase of currents which behavior is also a
signature of electron tunneling through monolayer hBN crystals?®-3°,
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Supplementary Figure 17. Catalytic activity of hBN/NiFeOxH, electrodes as a function of the
number of hBN films. The multilayer hBN samples are obtained by repeatedly assembly of
monolayer hBN films.
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Supplementary Figure 18. XPS characterizations of (a) Ni 2p,/3 and (b) Fe 2p of NiFeOxH, and
hBN/NiFeOHy before and after electrolysis. The white and blue areas represent before and after
the reaction, respectively.

As shown in the Supplementary Fig. 18, the position of both Ni 2ps/; and Fe 2ps/, peaks show
similar changes in NiFeO4H, and hBN/NiFeOxH, cases after the OER reaction. Specifically, the Ni
2ps/2 peak shifts by 0.9 eV toward a higher energy, and the Fe 2ps/, peak shifts by 0.6 eV toward a
higher energy. This positive shift of binding energy is usually attributed to an electronic state
change with a lower electron density and higher oxidation states in Ni and Fe sites, respectively.
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Supplementary Figure 19. Current density diagram of a variety of OER catalysts: (a) metal
(oxy)hydroxide and (b) metal and graphene, with and without hBN cocatalysts. Metal
(oxy)hydroxide layers are prepared using electrochemical deposition, following the methods
reported previously332, Metal layers are prepared using e-beam deposition techniques. Graphene
monolayers used are from CVD synthesis. Error bars represent standard deviations.



Supplementary Table 1:

hBN/NiFeOxHy with other state-of-the-art catalysts.

Comparison of mass activity, overpotential and

Tafel slope of

System Mass activity Overpotential Tafel slope
(Agh (mV) @100 mAcm?  (mVdec?)

hBN/NiFeO,H, (Our work) 40100 @1.53 V 279 30

hBN* 2.4x10°@1.53V

NiFeOxH, (Our work) 1252 @1.53V 414 48

Ru-N-C* 14284 @1.53V 340 52.6

MoNiFe-27% (oxy)hydroxide!? 1910 @1.53V 290 23

NiFe-27% (oxy)hydroxide!? 32 @1.53V ~390 46

Ru0O,/C* 348 @1.53V 515 62.4

IrO;NR34 2354 @ 1.5V 240 46.2

Ir-CaCusTis012% 1195 @1.53V ~395 44.99

Coo.sMng2 MOF-MS 20min3® 3514.7 @1.5V 190 78

Cu-Ni-Fe hydr(oxy)oxide” 1464.5 @1.53 V --- 44

23% Fe-doped chiral cobalt 1730+178 @1.58V - 34

oxide3®

Ni| Fe-[TA]-Catalyst3 2900 @1.53V --- 443

WP400%° 1920 @1.53V ~360 42.41

NiCoFe-B* 4320 @1.53V - 30.8

NiFeOxH,-5.4 nm*? ~8000 @1.53V - -

np-Ir/NiFeQ* 39300 @ 1.48V ~240 29.6

*The mass activity of hBN is estimated by extracting the current contribution from hBN divided by
its mass. The former one is estimated by subtracting the OER current of NiFeOxHy electrodes from
that of hBN/NiFeOxHy electrodes.

In literatures, various performances of NiFeOyHy catalysts have been reported, depending on the
specific morphologies of NiFeO,Hy as well as that of electrode substrates. For example, the high-
performance NiFeOxH, catalysts usually have highly porous substrates (blank Ni, nickel foam) with
a significantly large surface area (around 50-70 cm?)”®, In fact, in our case, if we normalize the
current density by the effective electrochemical active surface area (which is estimated to be 1.22
cm?), the activity of our devices per unit area is consistent with that reported in literatures. The
mass activity of our amorphous NiFeOHy catalyst reaches 1252 A g1, which is also comparable to
many reported NiFeOxHy catalysts (Supplementary Table 1).

Supplementary Table 2: Faraday efficiency* of NiFeOxHy and hBN/NiFeOxH, at 1.72 V versus RHE.

H, (OF)
NiFeOxHy 0.93 0.93
hBN/NiFeO.H, 0.99 1.00




Supplementary Table 3. Calculated charge density of hBN/NiFeOxH, heterostructure.

The number of atoms at the  Average charge at  The total charge of

corresponding site each site (e7) each material (&)
hBN/NiFeOxHy Ni site 12 1.2644 -0.15
hBN/NiFeOxHy Fe site 4 1.7162
hBN/NiFeOxHy O site 32 -0.9979
hBN/NiFeOxHy H site 16 0.6093
hBN/NiFeOxHy B site 25 2.130 0.15
hBN/NiFeOxHy N site 25 -2.124

Supplementary Table 4. OH* adsorption energy of hBN, NiFeOH, and hBN/NiFeOxHy.

Material OH* adsorption energy (eV)
hBN -0.92
NiFeOxHy -0.59
hBN/NiFeOxHy -1.78
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