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Methods

Synthesis of B-CHj; particles

In a typical synthesis of B-CHj3, 0.5 g MgB, powder (>99%, Sigma-Aldrich), 3g iodine beads

(>99%, Aladdin Chemical Reagent Co. Ltd) were mixed with 50 ml methanol ((>99.8%, ACS

grade, Aladdin Chemical Reagent Co. Ltd) and stirred for 5 min to dissolve the iodine beads.

The mixture was then cooled by ice bath for 1 h before 0.5 mL 4M HCI (Technical reagent,

Nanjing Chemical Reagent Co. Ltd) was dropwise added. The mixture was stirred for one week

at room temperature. The product was washed with methanol four times and ultrasonic to yield

isolated methyl-functionalized boron nanosheets.

Synthesis of boron nanosheet suprastructures



In a typical synthesis, 50 mg B-CHj particles was placed in 15 mL plastic tube. 10 mL DI water
was added. For the synthesis of microspherical suprastructures, the mixture was shaken and fast
freeze by liquid N, before lyophilized in a vacuum freeze drier for 24 h. For the synthesis of
wire-like suprastructures, the mixture was centrifuged to remove the bubbles before fast freeze
by liquid N,. The product was dried using a vacuum oven at 60°C.

Materials characterizations

X-ray diffraction (XRD, Bruker D8) was performed with Cu Ko radiation (A = 1.54 A) as the
X-ray source. The UV-vis-NIR absorption spectrum was record by LAMBDA 650S. Scanning
electron microscopy (SEM, Hitachi S-4800) was used for the morphology analysis. To gain the
crystal structure information, high-resolution transmission electron microscopy (HRTEM,
JEOL 2100F) coupled with energy dispersive X-ray (EDX) spectroscopy analyses were
performed. The chemical state study of the samples was carried out by X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe) and the binding energies were corrected for
specimen charging effects using the C 1s level at 284.6 eV as the reference. The lineshapes
used for XPS curve fitting were Lorentzian-Gaussian (L/G=80%) and integrated backgrounds
were employed. The Auger electron spectra were obtained from Kratos Axis Supra X-ray
photoelectron spectrometer with Auger analysis. X-ray total scattering data used to generate
PDFs were collected using Bruker D8 Quest with Mo source and PDFs were simulated using
the PDFgui program. Thermogravimetric analysis (TGA, NETZSCH STA409) was conducted
with a heating/cooling rate of 10 °C min™! between 30 to 700 °C under N, atmosphere.
Electrochemical Measurements

The pellets were compressed in a homemade device, and both sides of the pellets were attached
to the copper electrode. The impedance measurements were carried out by using an Autolab
electrochemical workstation (Autolab 302N) with tunable frequency ranging from 10 Hz to 1
MHz and an alternating potential of 100 mV. Conductivities at different temperatures were

tested in a constant temperature & humidity chamber.
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The product powder of 1 mg were dispersed in 1 mL ethanol. The mixtures were then drop-
coated on the SiO,/Si substrates with pre-patterned Cr/Au electrode deposited through
evaporating deposition. Current at the applied voltage of 1 V was measured by a source
measurement unit system (Keithley 4200) at room temperature. Properties of the humidity
sensor were performed by exposing it to water vapors with different RH values, which were
realized by several specified saturated salt solutions to obtain the corresponding supersaturation
aqueous solutions in a closed vessel. We use saturated LiCl, MgCl,, NaBr, NaCl and K,SO,
solutions which can provide approximately 11%, 33%, 55%, 75%, and 97% RH, respectively.
DFT simulation of the nanosheet

DFT calculations were performed using the plane-wave technique realized in the CASTEP
program.®® The electron-ion interactions were described by the projector augmented plane wave
(PAW) pseudopotentials. Perdew-Burke-Ernzerhof (PBE) functional was used to express the
generalized gradient approximation (GGA). A cut off energy of 520 eV and the total energy
converged to less than 10-° eV per atom were used for optimization criteria and the maximum
force was converged to lower than 0.02 eV/A for all the 2D monolayer boron nanosheet. The
atomic structure for simulation is directly derived from the fitted local structure of the boron
nanosheet based on XPDF fitting and the geometric optimization was carried out before further
simulation.

For the calculation of the activation barriers for proton diffusion through the nanosheet, the
reaction systems were modelled by optimizing a proton above and below a single nanosheet.
The simulations were carried out in a 3x3 supercell, extended infinitively in the x and y
dimensions. A 15 A gap was inserted between the graphene layer perpendicular to the surface.
The penetration route is considered with both ends fixed 3 A above the mid of the pores formed
by the boron nanosheet first, then relaxed to the most stable proton adsorption sites on the 2D
structures. The nudged elastic band method was used to provide an initial transition state

structure that was used in the subsequent dimer simulations to isolate the transition state. The
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reaction barrier was defined as the energy difference between the transition state and the
reaction state minimum.

Measurements of electronic conduction contribution

To identify the possible electronic conduction contribution to the conductivity of boron
nanosheets, Pt electron blocking electrodes were used to measure the ionic transference number
(tion) of the membranes by Wagner’s polarization technique.! Here Pt works as the blocking
electrodes. The pressed memberane is coated with Pt on both sides to form a Pt//boron
nanosheets//Pt sandwiched pellet structure. The pellet is placed in a homemade device (Fig.
SX) for chronoamperometry measurement. Current passing through the membranes was
monitored in a 2-probe configuration using Pt electrodes attached on the surface of membranes
under a constant voltage (1 V). Through Wagner’s polarization technique, the contribution of
ions to the current is diminished with time due to the blocking effect of Pt. Under steady-state
conditions, migration of ions due to the electrical field is balanced by diffusion due to the
concentration gradient, and the current is carried exclusively by electrons moving. The current
decreases to almost zero at steady state, meaning the boron nanosheet is electron insulator.
Therefore, the initial current measured by chronoamperometry is attributed to proton
conduction. All the measurements were carried out at 0% RH atmosphere to eliminate the ion

conductivity. #,, was calculated as follows:

L

t
where i, is the total current, and i, is the electronic current. The calculated transference number

is 0.996, proving the dominate contribution of proton conduction to the current.



Supplementary Figure 1. STM image and EDS of the B-B boron nanosheets.
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Supplementary Figure 2. a, The N, isotherms of CH;3-B, microwire and microsphere of the
boron nanosheets. b, Their pore size distributions calculated based on non-local density
functional theory (NLDFT) model. It shows the presence of micropores (~1 nm) in the
bifunctionalized boron nanosheet which may relate to the formation of B vacancy surface.



B 1s

Intensity (a.u.)

196 194 192 190 188 186 184
Binding Energy (eV)

Supplementary Figure 3. High-resolution Bls spectra of the B-B nanosheets after exposure
in air for six months.
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Supplementary Figure 4. Raman spectra of B-B nanosheets at different RH. The peak from
3000 to 3750 cm! is assigned to the adsorbed water, proving the structure is highly hydrophilic.

The peak position at ~2500 cm™! can be assigned to the B-H stretching mode. The low intensity
of such peak implies the boron nanosheet is defective.
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Supplementary Figure 5. Auger spectra of B for MgB, and the B-B nanosheets, where the red
stars stand for the peaks attributed to the B spectrum in sp® hybridization states. The
preservation of the characteristic peak (~172 eV) assigned to the sp? state of B implies a retained
ring-like B structures in the boron nanosheets inherited from MgB,. However, the appearance
of sp’ peaks suggest that the pristine planar B structure seems buckled.

The low intensity of such peak implies the boron nanosheet is defective.
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Supplementary Figure 6. XRD pattern of the B-B nanosheets after annealing in Ar gas at
600°C for half a hour. Compared to the prestine B-B nanosheets, it clearly shows that two broad
peaks at ~30° and 40° are formed, indicating the enhanced atomic order of the product after

annealing.
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Supplementary Figure 7. The FTIR spectrum analysis and calculations. The calculated B-OH
and B-H vibrations in Bg networks are shown on the top and the FTIR spectrum of
bifunctionalized B-B nanosheets is shown on the bottom. The postion of the IR peaks are

matched to the calculated results.
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Supplementary Figure 8. UV-Vis reflective spectrum of the boron nanosheets, the bandgap
energy of the boron sheet is estimated to be 3.9 eV according to the optical absorption.



Supplementary Figure 9. Elemental mapping of the micro-spherical boron suprastructure.

Supplementary Figure 10. Elemental mapping of the boron nanosheet micro-wire.



Supplementary Figure 11. a, SEM and b, TEM images of the boron nanosheet micro-wire
dispersed and sonicated in methnol solution. The assembled suprastructure is disassembled and
nanosheets random stacked on the substrate are observed.
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Supplementary Figure 12. a, Dynamic light scattering (DLS) result of the micro-spherical
boron suprastructures in water. b, Zeta potential measurement of the micro-spherical boron
suprastructures in water. It shows a positive charge (5.7 mV) for the hydrodynamic nanosheets.
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Supplementary Figure 13. Wettability of a, microwire boron nanosheet suprastructure and b,
microsphere boron nanosheet suprastructure towards water.
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Supplementary Figure 14. Polarization plot measured by chronomaperometry (V=1 V) for the
boron nanosheet membrane at 25 °C. The contribution of proton conduction to the conductivity
of boron nanosheets was calculated ~0.996. Inset is the custom-made measurement device.
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Supplementary Figure 15. a, Nyquist plot of impedance for the boron nanosheet membrane
at 30 °C and 100% RH. The plot typically contains a semicircle at high frequencies which
represents the proton impedance and an incline spur at low frequencies which represents the
pile up of protons at the electrodes. The inset is the diagram of the equivalent circuit used to
analyze the impedance data. R, and Q, correspond to the inner protonic transport resistance and
the dielectric capacitance between the membrane and electrode, respectively. b, Table of the

fitting data for each element in the equivalent circuit.

ey

S S ia®

ST ITY

Supplementary Figure 16. Proton diffusion pathways in the 2D boron nanosheets view along
different directions.
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Supplementary Figure 17. Schematic diagram of the humidity sensing measurement system.
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Supplementary Figure 18. Humidity sensing behaviors of the boron nanosheet sensor under
switching RH.
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Supplementary Figure 19. a, Typical repeatability test of the boron nanosheet sensor at 97%
RH. b, Response and recovery curve of the boron nanosheet sensor at 97% RH.
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Supplementary Figure 20. Complex impedance plots of the boron nanosheet humidity sensor
measured at 11%, 33%, 55%, 75%, and 97% RH with the sweeping frequency from 10 Hz to
IM Hz.
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Table S1. Proton transport properties of various two-dimensional materials

Material T (°C) RH (%) Conductivity (mS cm™!)  Ref.
Co-Al-CO*; LDH 60 80% ~0.1 [2]
Co-Al-NO3 LDH 60 80% ~4 [2]

Co-Ni-Br~ LDF 60 80% ~0.5 [2]
Mg - Al-CO%; LI 25 80% ~0.1 [3]
Ni— Al - C023_ LD 80 80% 13 [4]
Titanium oxide nanosheet 25 90% 3.04 [5]
GO 87 95% 15 [6]
Ozonated GO 25 100% 2.25 [7]
Sulfonated GO 30 100% 15 [8]
Oxygen functionalized few- 80 95% 8.7 [9]
layer graphene
(NHy)»(adp)[Zny(0x)3]-3H,0 25 98% 8 [10]
Zn,(S03),(C¢N;0,Ho),-H,O 75 98% ~1 [11]
(enH,);Nay[V,B15054(OH)( 60 100% 0.2 [12]
H,0)]-7H,0
Imidazole linked-2D- 95 95% 32 [13]
polymer
KAUST-7’ 90 95% 20 [14]
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Table S2. Humidity sensing of various two-dimensional materials.

Humidity Response(s)/ Applied Sensing
Material Response(%) Reference

range recovery (s) Voltage (V) Principle
NiPS; 10° 0-10% <3/3 4 resistance  [15]
SnSe, /MWCNT 857 10 - 95% 1.8/2.9 -1-1 resistance  [16]
SnSe, nanosheets 483 10 - 95% 3.8/3.9 -1-1 resistance  [16]
Lead free Cs,BiAgBrg 1162 15-78% 1.78/0.45 0-10 resistance  [17]
GO 120000 40 - 88% 5/6 0.5 capacitance [18]
BP 507825 11-97% 4.7/3.0 0.5 capacitance [18]
VS, 30 0-100% 30-40/12-50 1 resistance  [19]
WS, 3750 40-80% 13/17 1 resistance  [20]
Au/g-CsNy 10° 11-95% 46.4/42.8 1 impedance [21]
TiSi, 3990.90 0 - 100% 0.9/8 1 impedance [22]
BP 10* 10 - 85% <5 0.5 resistance [23]
Ti;C,Tx MXene 200-250 11-95% 1/201 resistance  [24]

16



Data of the fitted 2D boron nanosheet

data BHBOH
_symmetry cell setting monoclinic

_symmetry space group name H-M 'P 21
_symmetry Int Tables number 1
loop

_symmetry_equiv_pos_site id

_symmetry equiv_pos_as Xyz

1x,y,z

2 -x,12+y,-z

_cell length a 7.631919
_cell length b 3.957492
_cell length ¢ 3.320741
_cell _angle alpha 90.00000
_cell angle beta 88.84081
_cell angle gamma 90.00000
loop

_atom_site label
_atom_site type symbol
_atom_site fract x
_atom_site fract y

_atom_site fract z

H H1 0.281584 -0.05503 0.210390
H H2 0.733005 0.141562 0.555332
0O 01 0.284970 0.168543 1.064341
B B1 0.435489 0.195817 0.788795
B B2 0.384806 0.439908 0.359160
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