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Abstract

The hydrogen evolution reaction (HER) plays a key role in hydrogen production for clean energy
harvesting. Designing novel efficient and robust electrocatalysts with enough active sites and
excellent conductivity is one of the key parameters for hydrogen production by water splitting
devices. Recently, low-dimensional carbon materials have gained attention as metal-free
catalysts for hydrogen production. Such nanostructures need to be engineered for improvement
in their catalytic activity. Here, we designed and synthesized the B and N doped carbon
nanostructures (CNS)-hBN heterostuructures for improved HER catalyst. The hBN layers on
CNS could provide exposed defects and edges that act as active sites for proton adsorption and
reduction. The composition, structure and chemical properties of the B and N doped CNS-hBN
heterostructure were tuned to obtain excellent HER activity. Detailed morphological, structural
and electrochemical characterization demonstrated that the synergistic effect rising from the

interaction between B and N doped CNS and hBN structures contribute to enhance
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electrocatalytic performances.To get more insight the role of defects and doping, we performed

density functional theory (DFT) calculations on the CNS-hBN heterostructures.

Key Words: Interface Engineering, HER, Defect Engineering, 2D-heterostructures, Graphene-

BN,

Introduction

Hydrogen is an excellent environment-friendly fuel and it can be produced by solar-driven water
splitting devices!3. One of the biggest challenges in developing new energy conversion
technologies for water splitting devices is to develop suitable catalysts that can efficiently and
stably catalyze the key electrochemical processes of water-splitting reactions*>. However, if
inexpensive and efficient electrochemical water-splitting devices can be fabricated, they provide
very effective solutions to not just the energy problem, but also to the climate-change issues.
Catalysts are one of the key components of water-splitting devices. Some issues related to
existing catalysts are their comparatively high-cost and limited storage, which limit their large-
scale applications in relevant clean energy technologies. In this regard, the development of
novel electrocatalysts that exhibit higher catalytic activity, longer durability, as well as lower
cost could greatly facilitate the realization of clean energy®’. Toward developing novel HER
catalyst, various methods have been developed to tune the band gap and engineer the properties
of materials including metal nanoparticles, 2D-nanosheets, nanotubes and their hybrid structures.
Recently, the advent of low dimensional nanomaterials such as nanotubes, graphene and
graphene-like 2D-nanomaterials have intrigued intensive studies because of their rich physical
and chemical properties. Different type of low dimensional materials such as nanotubes,
graphene, h-BN, MoS,, WS, and their hybrid structures have received significant attention due to

their excellent catalytic activity®!3. Extensive efforts have been undertaken to use these low-
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dimensional materials as a cutting-edge HER electrocatalyst. Several key properties such as high
conductivity, high activity, and stability, which can be improved by doping with heteroatoms,
creating defects and active edges, is required for the development of an effective
electrocatalyst!* 15, In addition, creating van der Waals interactions between these low-
dimensional materials offers controlling the band gap and free energy of hydrogen adsorption
(AGy), which enhance the HER activity'? 1 . Among all approaches, the heteroatom doping is
considered is one of the most facile and effective strategies!’. To date, various heteroatoms such
as O, N, B, P, and S have been successfully doped into carbon-based nanostructures'®2°, For
example, it was shown that doping CNS with N and P atoms is very effective approach for
enhancing the catalytic activity of graphene in hydrogen evolution reaction because of the new
active sites'®. Doping CNS with two or more of different elements is more efficient for
improving the catalytic activities compared with doping with the single element since doping
with multiple elements can create a unique electronic structure with a synergistic coupling effect
between the used heteroatoms?!. B and N are the most used heteroatoms for doping of CNS
because of the differences in their electronegativity?>. More importantly, recently it is shown
that integration the hexagonal boron nitride domains (h-BN) into CNS can create unique
heterostructures with control-over electronic properties?* >4, However, doping CNS with B and N
heteroatoms and creating h-BN domains into or on the CNS for tuning their properties with a

facile method still remain a challenge.

In this work, we used different ratios of ammonia borane (AB) and carbon nanostructures
(CNS), which are graphene oxide (GO) and CNTs, and annealed under Ar/H, for 3 hours at 900
°C (Figure 1). As a result of annealing at high temperature, AB turns to hBN on the surface of

CNS and dope CNS with B and N heteroatoms. This process creates robust physical interactions
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between hBN and CNS and heteroatom doped defects and thus active sites. The layered
restacking of hBN plates give rise to unique three-dimensional (3D) porous and large surface
area CNS (Figure S1 and S5). Increasing the ratio of AB leads to rise in defect density and
interface interactions between hBN and CNS. Thus, the number of active sites on the hBN-CNS
increases and significantly enhances the hydrogen evolution reaction (HER) activity compared to
pure porous networks of 3D-CNS foams. To gain further insights of the role of defects that
contain heteroatoms on the adsorption of hydrogen on the surface of the structure, DFT
calculations were performed.

Experimental

CNS-hBN hybrid porous architectures were fabricated by physically mixing AB and CNS with
increasing amount of AB gradually as following; CNS:AB= 1:0.25, 1:0.5, 1:1, 1:2, 1:4 (Figure
S1). The prepared mixture was annealed under Ar/H, at 900 °C for 3h, which resulted in
heteroatom doped CNS and CNS-hBN hybrid structures (Figure 1). Density functional Theory
(DFT) Method: DFT calculations are done using the SIESTA 4.0 package, considering a 96 atom
(22 hBN and 74 C) system for hBN domain graphene (Figure 5A) and 58-59 atom(12-14 BN and
44-47 C) systems for defected hBN domain structures?. In a periodic unit cell of 12.7x12.3x15.8
A3, the CNS-hBN structure is periodic in nature. Pseudo potentials are generated using the
generalized gradient approximation (GGA) Perdew—Burke-Ernzerhof (PBE) exchange
correlation functional?s. The spin un-polarised wave functions are used for energy and local
density of states (LDOS) calculations. The energy cut-off for the real space grid is set at 500 Ry.
The Broyden method in a variable-cell-relaxation scheme is employed for geometry relaxation.
We use a 4x4x1 k-points sampling of the Brilliouin zone using the Monkhorst-Pack scheme?’.

The AGy for hydrogenation in individual systemsis calculated using the following equation.
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AGy = Eg g - Es - 0.5Ep, - [TAS + ZPE] where ZPE is the zero point energy correction, which

along with TAS adds a constant value of 0.24 eV to obtain the corrected AGy.

Results and Discussion

The density of rGO-1hBN and CNTs-2hBN are ~3.5mg/cm?® and ~5mg/cm? respectively (Figure
1). The modifications of the surface of the CNS are confirmed using Raman spectroscopy?s.
Raman spectra of CNS typically has two characteristic peaks, G-band and D-band. G-band
around 1530 cm! is closely related to vibrations of sp? hybridization of carbon, and D-band
around 1350 cm! shows the sp® hybridized carbon structure, which mostly comes from defects
on the honeycomb lattice of carbon (Figure 2a)*® 2°. A quantitative defect density in the
honeycomb lattice of CNS can be determined from the ratio between these two bands, Ip:Ig,
which is quantifies to the structural changes as a result of heteroatoms doped defects and
heterostructure of CNTs-hBN3? . As seen in figure 2b Ip:Ig ratio increases with greater AB
amount in the CNS since increased AB ratio give rise into the defect density by doping the
hexagonal lattice of carbon with B and N. The intensity ratio between the D-band and G-band
(Ip/Ig) increases from 0.25 to 1.41 for CNT-hBN and increased from 0.87 to 1.48 for rGO-hBN
structures as the disorder of hexagonal carbon lattice as shown in the representative structure in
figure 2c. FT-IR in figure 2d was used to determine the chemical bonds of heteroatoms and
functional groups in the sample. The spectrum shows different functional groups of CNS at
~3350 cm™' corresponds to O-H stretching vibrations, ~2950 cm' shows C-H stretching
vibrations, ~1720 cm™! corresponds to C=0 stretching vibrations of carboxylic acids, ~1210 cm!
presents C-OH stretching vibrations and ~1060 cm™' shows the C-O stretching vibrations. In
addition to these, the skeletal vibrations from unoxidized C=C bonds was seen at ~1620 cm'!.

The B-N-B in plane vibrations (Elu mode) for hBN was assigned to ~1380 cm-! and the out of
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the plane B-N-B vibrations ( A2u mode) to ~810 cm 3133 | As a result of doping C-N
stretching peak appeared around 1200 cm!. XPS analysis was used for quantitative chemical
analysis of CNTs, GO, CNTs-2hBN and rGO-2hBN. The Cls core level peak positions of the
carbon atoms are approximately at 285 eV and the peak position of oxygen is around 532 eV for
both CNTs and GO (Figure S2). In high resolution XPS characterization of GO, the C-C, C-O,
C=0 and n-m bond peak is around 284.6 eV, 285.7 eV, 286.4 eV and 288.5 eV respectively
(Figure S4)34. High resolution XPS of CNTs shows similar bonding with a small shifting (Figure
S4). C-C, C-O, C=0 and n-rn bonding are correspond to 284.6 eV, 285.8 eV, 286.5 eV and 291.1
eV, respectively. The binding energies of N1s and Bls were found at 396.9 eV and 189.4 eV
respectively in both CNTs and rGO samples after the growth of hBN (Figure S4). In high
resolution XPS characterization of CNTs-2hBN and rGO-hBN, the Cls peak can be fitted in to
peaks centered around 283.7, 284.4, 284.9, 286.2 and 286.8 €V due to sp? carbons of B—C, C—C,

C-O/C=N, C—N/C=0 and O-C=0 bonds, respectively>>3¢ (Figure 2e-f).

To wunderstand the morphology and structure of CNTs-2hBN and rGO-hBN hybrid
nanostructures, a detailed microscopic characterization has been performed. Scanning Electron
Microscopy (SEM) has revealed that the morphology of 3D structure of GO and CNTs consists
of highly interconnected porous structures after freeze drying (Figure 3a, b). This 3D porosity
makes these structures very promising catalysts for electrocatalytic applications since these
porous electrodes can enhance the accessibility of active sites, improve the transport properties
of reaction-relevant species and increase the electron transfer within whole electrodes. Figure 3c-
d shows the transmission electron microscopy (TEM) images that clearly shows that rGO-hBN
hybrid structures. The dark regions in figure 3¢ shows that hBN nanoflakes are decorated on the

large area rGO nanosheets. Figure 3e shows the structure of as grown CNTs network that contain
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iron particles. One of the key features of this structure is that it contain structural defects on the
junction location, which improve the catalytic activity?’. In addition to the existing defects in
CNTs structures, it is clearly seen that merging of graphitic layers of hBN sheets onto CNTs give
rise for better catalytic activity (Figure 3f-h). It indicates the interface between hBN and CNS
reveals graphitic layers on both rGO and CNTs, which is considered to be the most significant
region for hydrogen adsorption and desorption. BET surface analysis was performed to
determine the surface area and porosity of CNTs, CNTs-2hBN, GO, and rGO-1hBN (Figure S5).
The N, absorption indicates a type-II isotherm, which exhibits a negligible concave section, that
is known to be keen to microporous volume uptake and a quick rise in total volume close P/P, =
1 signifying to macroporosity (Figure S5). The BET surface area (Sggr) area of CNT-2hBN and
rGO-1hBN is 289 m?/g and 313 m?/g respectively, which is larger than the pristine CNTs (178
m?/g) and GO (204 m?/g). CNS and CNS-hBN samples shows similar average pore size
distribution and the cumulative pore volume of CNS-hBN is higher than the pristine CNS

samples.

Figure 4 shows the HER activity of pristine CNS and CNS-hBN hybrid structures. Figure 4a
shows the linear sweep voltammogram (LSV) plots of the HER activity of the CNTs with
gradually increased hBN ratio. The onset potential of the structures were determined by the
intersection of two tangent lines. The HER activity increases with the increased hBN ratio. The
onset potential value for pristine CNTs is -256 mV. The onset potential value increases to -243
mV, -234 mV, -206 mV and -196 mV for the CNTs:0.25hBN, CNTs:0.5hBN, CNTs:1hBN and
CNTs:2hBN respectively. The catalytic activity of the structure starts to decrease with the ratio
of CNTs-4hBN, which most probably because of the decreased conductivity with the increased

insulator hBN ratio and defect saturations. The Nyquist plot of CNTs-2hBN showsthe smallest
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semicircle in the low-frequency range, which indicate the lowest charge transfer resistance
(Figure S6a). The EIS results confirm that the CNTs-2hBN displays a faster charge-transfer
process during electrochemical reaction. The lowest onset potential (-164mV) with the highest
current density (~42 mA cm?) was achieved with the 1CNTs-2hBN sample. Here, the
interconnection between individual CNTs, which includes defects and iron nanoparticles inside
CNTs give rise to the HER activity?’. We have observed similar trend for the rGO and hBN
composition. As seen in figure 4b, the onset potential of pristine rGO is -264mV and the onset
potential improves with increased amount of hBN. The lowest onset potential, 184 mV,was
obtained with the 1rGO-1hBN ratio. In addition to the onset potential, the current density also
enhances with the increased hBN ratio. The highest current density was achieved as ~31mA cm?
with the 1rGO-1hBN sample. The reason for the improved onset potential and current density
can be correlated with the defects created by doping with B, N heteroatoms and the interactions
between CNS and hBN. The increased hBN ratio increases the heteroatom doping related defect
density and B and N heteroatoms can replace the in-plane C-atoms or intercalate between the
interlayer, which can donate electron or generate holes to effectively tune the electronic
properties that can lead to lower conversion barriers for the transformation of H* ions to H,. The
dopant and interface interactions between hBN and CNS creates a synergistic effect, which can
mediate the conductivity and catalytic activity of the final hybrid structures. More importantly,
in-situ growth of hBN on CNS structures creates edges sites, which are more active than basal
plane for CNS and hence the HER activity improves'?3® . The onset potential of CNTs-2hBN
and rGO-hBN drops to -262mV and -305mV respectively after 2000 cycles. Recently various
reports showed the effect of heteroatom doping and heterostructures of 2D-nanosheets for

improving the HER activity of catalysts. Figure S7 shows the comparison of the HER activity of
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CNTs-2hBN and rGO-1hBN samples with some catalysis reported overpotential at 10 mA cm™
in the literature. For example, S. Bawari and co-workers reported the improved HER activity of
rGO by adding h-BN using solution processing!?. They reported the overpotential of rGO-hBN
390mV at 10 mA cm?. In another example, Y. Zheng et. al. synthesized nitrogen (N) and
phosphorus (P) dual-doped graphene as an efficient HER electrocatalyst’®. They showed that the
resultant N, P-graphene catalyst showed much lower HER overpotential is 420mV at at 10 mA
cm? 3°, In addition, B. R. Sathe et al. reported B-doped graphene structure to improve the
activity of metal-free electrocatalyst for HER showed overpotential 520mV at 10 mA c¢cm™ 3%, To
evaluate the electrochemically active surface area (ECSA) electrochemically effective
capacitance through a simple cyclic voltammetry (CV) were performed (Figure S6b, ¢). The

specific capacitance was calculated from the CV curves according to the following equation

A

C=avivem (1

Where A is the integral area of the cyclic voltammogram loop, AV is the sweep potential
window, v is the scan rate and m is the mass of the electrode materials at each electrode. The
electrochemical capacitance associated with ECSA. The specific electrochemical capacitance of

CNS samples increase with the increasing hBN ratio as shown in figure S6.

Figure 4c-d shows the Tafel plot of CNS-hBN structures, which is a convenient way for getting a
better understanding of the kinetics and the mechanism of electrochemical reactions of CNS-
hBN. The equation 1 for the overpotential includes two Tafel variables, the Tafel slope (f) and
the exchange current density (j);

n=Bxlogj (1)

Ht+e o H (2)
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H* + H;O++e — H, + H,O 3)

The Tafel slope is determined from the linear region within the Tafel plot. The lowest Tafel
slope of CNTs based structure is CNTs-1hBN with 14.8 mV dec’! value and the highest value
belongs to ICNTs-0.25hBN with 25.6 mV dec!. The rGO slope is the 25.8 mV dec’! and the
Tafel slope value of 1rGO-1hBN is 21.3mV dec!. Tafel plots of potential V-log j (current
density) could be interpreted by the Volmer—Tafel or Volmer-Heyrovsky mechanism in the
classical two-electron-reaction model for cathodic HER of CNS-hBN structures. The Tafel
slopes of CNS in figure 4c-d suggests a typical Volmer—Heyrovsky mechanism. The Volmer step
is initiating the HER by proton adsorption as shown in the equation 2. Doping CNS structures
with B, N and synergistic interactions such as Van der Waals and n-m ineractions between CNS
and hBN structures enhance the proton adsorption capacity?®. In CNS-hBN structure, the edge of
hBN is favorable for both adsorption of proton and desorption of molecular hydrogen gas. The
Volmer step is followed by Heyrovsky step, where an adsorbed H atom and electron from the
CNS-hBN structure react as shown in equation 3. Heyrovsky reaction is the second step that
starts at a hydrogenated site on the CNS-hBN surface that formed by the previous Volmer
reaction.

To study the apparent increase in HER activity for CNS-BN structures, we perform
Density Functional Theory (DFT) calculations. TEM images show separate hBN and graphitic
regions, as domains of hBN in the graphene lattice is structurally more stable when B, N source
is provided simultaneously. The CNS-hBN structure is simulated by adding a smaller domain of
hBN in a graphene lattice (Figure 5A). AGy calculations on certain locations marked in A
(Figure 5E), shows a decrease in AGy (~0.9-1.1 eV) compared to pure hBN (3.34 (on Nitrogen)

and 2.34 (on Boron) eV) and graphene (1.42 eV). These AGy values show an approach towards
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thermoneutral binding energy (~0 eV), but the drastic decrease in overpotential suggests that
other active sites can also be present. In the synthesis process, AB and CNS are heated to very
high temperatures where BN from AB bond to the graphitic lattice. In this process, a significant
amount of defects are expected to form. To study the effect of defects, we study three types of
defects, (5,8,5), (5,5,5,7,7,7) and point defects (or 5,9) which are shown in figure S8. The density
of states (DOS) of all three types of defects (Figure 5B) shows that while the 5,8,5 and
5,5,5,7,7,7 type defects do not show many states near Fermi energy, in case of point defects of B
and N the DOS at Fermi energy is very high. LDOS (Local Density of States) projections of
these states shows a considerable occupation on nearby N and C in case of B point defect (Figure
5C), and on nearby B and N in case of N point defect (Figure 5D). Appreciably, the B point
defect structure shows the highest DOS contribution and also the lowest AGy of -0.0198 eV.
While the N point defect structure has a AGy of 0.428 eV, which is also considerably lower than

the domain doped structure without defects.

Conclusion

In conclusion, we report the role of defects created by B, N doping and interface interactions of
CNS-hBN by growing hBN on the CNS using AB that also acts as the source of doped
heteroatoms, B and N. The hydrogen adsorption on the surface, conductivity, band gap and
catalytic activity of CNS improve after growing hBN because of the defects created as a result of
doping with B and N and the interface interactions between CNS-hBN is in favor of enhancing
the catalytic activity. The HER activity of CNS structures improve with the increased amount of
hBN, but after a certain amount of hBN the catalytic activity start to decrease, which is most

probably because of the excess defects and insulating behavior of hBN. In addition, hBN edges
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on the surface of CNS is improving proton adsorption and desorption of hydrogen gas. The Tafel
slopes shows that the HER reaction follow Volmer—Heyrovsky and Volmer—Tafel mechanisms,
which is two-electron-reaction that electron transfer steps convert adsorbed proton to hydrogen
gas molecule. DFT calculations show that carbon atoms directly linked to hBN domains can act
as efficient HER catalysts. Moreover, defects in the hBN domain introduces many more
conducting states near Fermi energy, and such locations act as much better catalytic sites.
Overall, this work signifies the role of the hBN-CNS interface with possible defects in
generating highly active sites for HER.
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Figure 1. Schematic of CNS-BN synthesis (a) rGO-BN and (b) CNT-BN.
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Figure 2. (a) Raman spectra of rGO, CNTs, 1rGO-1hBN and 1CNTs-1BN structures, (b) Defect
density of CNS-BN heterostructures that obtained by Ip:Ig ratio of Raman spectra of CNS-BN
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structures, (c) the schematic of defects created by doping with B, N and hybrid structure of CNS-
hBN (d) FT-IR of CNS-BN heterostructures, (¢) XPS spectra of 1rGO-1hBN and (f) XPS spectra
of ICNTs-1BN structures.

Figure 3. Microscopic characterization of CNS-BN structures. SEM images of porous structure
of (a) GO and (b) CNTs. (c-d) HER TEM of rGO-BN heterostructures. (¢) TEM images of
interconnected CNTs filled with Fe. (f-h) TEM images of CNTs-BN hybrid structures.
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Figure 4. LSV plots of the HER activity of (a) CNTs-BN, (b) rGO-BN heterostructures, (c)
Tafel plots of CNTs-BN and (d) Tafel plots of rGO-BN structures.
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Reaction co-ordinate

Figure 5. DFT calculations on CNS-BN. (A) Structure of domain doped BN in graphene. (B)
Density of states (DOS) for defected BN domain doped graphene, with (5,8,5) , (5,5,5,7,7,7) and
point defects of B and N shown in fig S5. (C-D) Local density of states (LDOS) near Fermi
energy for B point defected and N point defected BN domain doped graphene. (E) Plot of delGH
for pure hBN(B and N), graphene, and points shown in (A[1-4]), (C) and (D).



