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Few-layer black phosphorus and boron-doped graphene based 
heteroelectrocatalyst for enhanced hydrogen evolution 
Selengesuren Suragtkhuu,a Munkhjargal Bat-Erdene,b Abdulaziz S. R. Bati,b Joseph G. Shapter,b 
Sarangerel Davaasambuu*a and Munkhbayar Batmunkh*b,c 

Research interest in two-dimensional (2D) materials has grown exponentially across various fields over the past few years. 
In particular, 2D phosphorene, the single- or few-layered analogue of semiconducting black phosphorus (BP), holds specific 
promise for advanced catalysis reactions including electrocatalytic hydrogen (H2) production. However, bare phosphorene 
nanosheets suffer from poor electrical conductivity, limited catalytic sites and instability under ambient conditions. Herein, 
we integrate ultrathin few-layer BP (FL-BP) nanosheets with boron-doped graphene (BG) to form a novel metal-free 2D/2D 
heteroelectrocatalyst for the hydrogen evolution reaction (HER) in acidic media. Our newly designed electrocatalyst (FL-
BP@BG) shows remarkably enhanced HER activity with a low overpotential of 385.9 mV at 10 mA cm-2, while exhibiting a 
low charge transfer resistance of only 5.5 Ω in H2SO4 electrolyte. In addition, the FL-BP@BG catalyst shows an outstanding 
stability over 500 continuous cycles, demonstrating that hybridizing FL-BP with BG is an efficient strategy to construct stable 
BP based electrocatalyst. This work paves the way for emerging 2D materials for advanced catalysis systems.

Introduction 
The hydrogen evolution reaction (HER) is an economically 
profitable and eco-friendly way to produce clean hydrogen 
energy via electrochemical water splitting. Of particular 
importance in the HER process is to promote the reduction of 
hydrogen with a minimum overpotential and reduce the 
additional energy consumption using efficient catalysts.1 The 
best-known HER catalysts to date are platinum (Pt) and its 
derivatives, which require very low overpotentials, while 
showing small Tafel slopes and high exchange current densities 
due to their minimum binding energies with hydrogen.2, 3 
However, the scarcity and high cost of these Pt based catalysts 
limit their widespread application. Therefore, the search for 
efficient and low-cost catalysts that are readily available for use 
as an alternative to the expensive Pt catalyst has been the 
subject of intense investigation over the past several years. 
Atomically thin two-dimensional (2D) materials have recently 
attracted much attention for energy related applications.4-8 In 
particular, due to its unique structure and excellent properties 
such as anisotropic transport, high carrier mobility and tunable 
bandgap, few-layer black phosphorus (FL-BP) - a layered 2D 
semiconductor - has shown great promise for use in many 
electrocatalysis reactions including nitrogen reduction reaction 
(NRR),9 oxygen evolution reaction,10 oxygen reduction 
reaction11 and HER.12 FL-BP has emerged as one of the most 
promising candidates among 2D family materials for many 

applications.13, 14 Pumera and his colleagues studied the 
catalytic properties of electrochemically exfoliated BP for the 
HER.15 Although some enhancement in the HER performance 
was observed as compared to the bulk BP, the exfoliated BP still 
exhibited poor electrocatalytic activity. Several recent 
computational studies suggested based on density functional 
theory (DFT) calculations that a pure phosphorene nanosheet is 
catalytically inert for HER due either to the poor conductivity or 
limited active sites, so suitable modifications such as 
introducing functionalization and atomic defects are of great 
importance.16, 17 Shao et al.18 experimentally showed that NH2-
functionalized FL-BP nanosheets can exhibit enhanced 
electrocatalytic HER performance with an overpotential of 290 
mV at 10 mA cm-2 in an alkaline electrolyte. Activating FL-BP 
nanosheets using metal compounds such as Pt and PtRu has 
been found to be an effective strategy to achieve superior HER 
performance (better than the traditional Pt/C catalyst).19, 20 
Despite their outstanding performance, these efficient catalyst 
materials still use high-cost noble metals. 
One promising strategy is to build heterostructures using FL-BP 
nanosheets with other catalytic materials such as MoS2, MXene 
(Ti3C2Tx) and graphene derivatives.12, 21, 22 In 2017, He et al.12 
deposited catalytically active MoS2 flakes onto BP nanosheets 
to construct a MoS2-BP heterostructure. The as-prepared MoS2-
BP nanosheets showed remarkable HER performance. Due to 
the electron accumulation on MoS2, the intrinsic exchange 
current density (j0) of MoS2-BP reached 0.66 mA cm-2, which 
was 22 times higher than that of a bare MoS2.  
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Fig. 1 Preparation of FL-BP nanosheets, BG and FL-BP@BG heterostructure.

Recently, Dai and his colleagues coupled ultrathin FL-BP 
nanosheets with N-doped graphene (NG) to prepare a metal-
free 2D/2D heterostructure.22 The electronic interaction in this 
heterostructure induced directional interfacial electron 
transfer; and thus enriched the electron density over FL-BP and 
optimized H adsorption/desorption to promote the HER due to 
the lower Fermi level of FL-BP as compared to NG. Impressive 
enhancement in the electrocatalytic HER performance was 
observed using this 2D/2D heterostructure relative to the bare 
FL-BP and NG. Despite these great advancements, the search 
for novel electrocatalysts is still an active area of research. 
Herein, we report recent results investigating the catalytic 
properties of newly designed metal-free heteroelectrocatalysts 
based on FL-BP nanosheets prepared via liquid phase 
exfoliation and boron-doped graphene (BG) for the HER in acidic 
media. It should be noted that our BG was prepared from 
naturally abundant graphite flakes (obtained from a Mongolian 
mine)23. By coupling FL-BP nanosheets with BG, greatly 
enhanced HER activity was achieved using FL-BP@BG as 
compared to the bare FL-BP and BG. In addition to the enhanced 
catalytic activity, the heteroelectrocatalyst (FL-BP@BG) 
exhibited excellent stability over 500 continuous cycles. 

Results and discussion 
In this work, we first prepared FL-BP nanosheets and BG, 
followed by hybridizing them using a solution-processed 
method to obtain a FL-BP@BG heterostructure. The 
preparation procedure of our BG supported FL-BP (FL-BP@BG) 
hybrid is shown in Fig. 1. FL-BP nanosheets were prepared using 
a liquid exfoliation of bulk BP in a mixture of ethanol and water 
(4:1 v/v). It is well known that FL-BP nanosheets tend to rapidly 
oxidize, which is considered to be a key challenge for many 
applications.24, 25 Recently, Xu et al.9 found that the oxidation of 
phosphorene increases the surface hydrophobicity and thus 
hinders the HER process. To try and limit the oxidation and/or 
degradation of the FL-BP, the solvent mixture (ethanol and 
water) was degassed using argon (Ar) gas before being used. 
Then, bulk BP crystals were added into the solvent mixture, 
followed by sonication assisted exfoliation. The stable 
dispersion of FL-BP sheets was obtained by centrifuging the 
sonicated solution (see Fig. 1 and Fig. S1). 
Fig. 2a depicts the Raman spectrum of our FL-BP nanosheets on 
a silicon (Si) substrate. Notable Raman modes centered at 361, 
437, and 466 cm-1, which can be assigned to the Ag1, B2g, and Ag2 
phonon modes, respectively, were observed and are consistent 
with previous studies.26, 27 We further characterized our FL-BP 
nanosheets using an X-ray photoelectron spectroscopy (XPS). As 

shown in Fig. 2b, the high-resolution P 2p spectrum shows two 
sharp peaks at 130.0 eV and 130.9 eV due to the P 2P3/2 and P 
2P1/2 doublet, respectively.28 However, our FL-BP sample also 
showed a peak in the high-energy region at around 134.6 eV, 
which can be assigned to the characteristic peak for oxidized 
phosphorene (POx). Interestingly, it should be noted that the 
intensity of this peak at 134.6 eV (POx) was low, indicating that 
our FL-BP nanosheets were only slightly oxidized as a result of 
degasification of the solvent mixture before exfoliation. For 
comparison, we also prepared FL-BP nanosheets in the mixed 
solvent (ethanol and water) without degassing using Ar gas. Fig. 
S2 shows the high-resolution P 2p spectrum of oxidized FL-BP 
nanosheets, suggesting that degassing solvent is an important 
step to protect the FL-BP from oxidation. Moreover, UV-vis 
spectrum of our FL-BP dispersion, displayed in Fig. 2c, is in 
excellent agreement with reported literature.29-31 

 
Fig. 2 (a) Raman spectrum, (b) high-resolution XPS P 2p spectrum, (c) UV-vis spectrum, 
(d) TEM image (scale bar: 400 nm), and (e and f) HRTEM image (scale bar: e) 5 nm and f) 
1 nm) of FL-BP nanosheets. 

 

Fig. 3 (a) TEM image and (b) the corresponding EDX spectrum of the FL-BP sheets. (c) 
HAADF-STEM image (scale bar: 100 nm) and the corresponding elemental mapping 
images for P, O, and Sn elements. 



 

Fig. 2d displays the transmission electron microscopy (TEM) 
image of our FL-BP with a lateral size of around 500 nm. It can 
also be observed from the TEM image that our nanosheet is 
transparent, suggesting that ultrathin FL-BP flakes have been 
obtained after exfoliation. High-resolution TEM (HRTEM) 
images illustrated in Fig. 2e and 2f suggest that our FL-BP 
nanosheets are highly crystalline, and their lattice spacing was 
measured to be ~0.27 nm, which is in excellent agreement with 
previously reported values.32 Representative HRTEM images of 
our FL-BP nanosheet are also illustrated in Fig. S3. The average 
thickness and flake size of the FL-BP nanosheets were also 
measured from the atomic force microscopy (AFM). Fig. S4 
shows the representative AFM image of few-layer FL-BP 
nanosheets. The average thickness of the nanosheets was 7.5 
µm, while the measured flake size was around 500 nm which is 
consistent with the TEM measurement. 
We further studied the chemical composition of our FL-BP 
nanosheets using a TEM (Fig. 3a), energy-dispersive X-ray 
spectroscopy (EDX) (Fig. 3b), and high-angle annular dark-field-
scanning transmission electron microscope (HAADF-STEM) 
combined with elemental mapping images (Fig. 3c). EDX 
spectrum depicted in Fig. 3b was collected by scanning on the 
TEM image (Fig. 3a). For the FL-BP, Cu and Sn elements were 
detected besides P and O elements. The appearance of Cu was 
expected due to the use of TEM grid, while Sn is commonly used 
for the synthesis of BP crystals. As shown in Fig. 3c and Fig. S3c, 
the elemental mapping images suggest that our FL-BP sample 
consists of mainly P and O with a small amount of Sn. These are 
in excellent agreement with our EDX and XPS results. 
Meanwhile, we prepared BG using thermal annealing of 
graphene oxide (GO) in the presence of boric acid.33 It should be 
noted that the GO was prepared from naturally abundant 
graphite flakes according to our recent protocol.23 For 
comparison, we also prepared reduced graphene oxide (rGO) 
flakes by thermal annealing of GO in the absence of boric acid. 
Raman spectra of the rGO and BG deposited on Si substrates are 
displayed in Fig. 4a. Clearly, both rGO and BG samples show 
characteristic D and G bands located at 1345 cm-1 and 1577 cm-

1, respectively. The D and G bands are the predominant features 
in the spectrum of carbon materials, including graphene 
derivatives.34 The D band involves one phonon, and one defect 
induced by the second-order double-resonance process and are 
ascribed to the disorder peak.35 On the other hand, the G band 
(graphitic peak) corresponds to the in-plane vibrational E2g 
mode of the sp2 carbon.36 Importantly, the intensity ratio of the 
D and G bands (ID/IG) is used to evaluate the structural defect of 
carbon materials.36 Therefore, the ID/IG ratios were calculated 
to be 1.03 and 1.44 for the rGO and BG, respectively. The 
increase in the D band intensity of BG can be explained by an 
increase in the structural defects and disorder in the sp2 carbon 
caused by the introduction of boron atoms.37 Such phenomena 
were observed in earlier studies.38 Furthermore, the structural 
morphology of our BG was investigated using a SEM (see Fig. 
4b), which exhibits the multilayer graphene sheets crumpled 
together. 
XPS is a powerful tool to verify the successful doping and 
functionalization of nanostructured materials. Fig. 4c shows the 
XPS survey scan of rGO and BG. Three main peaks, namely 

carbon (C), oxygen (O), and boron (B), were observed for the BG 
sample, indicating the successful B-doping on the rGO sheets, 
while no boron peak was detected for the rGO sample. Fig. 4d-
f displays the high-resolution B 1s, C 1s, and O 1s XPS spectra of 
the BG. As shown in Fig. 4d, three significant peaks at the 
binding energies of 190.6 eV, 192.5 eV, and 195.7 eV, which can 
be assigned to the BC3, BC2O, and BCO, respectively, were 
observed.39, 40 In particular, the predominant peak observed at 
~192.5 eV presents the chemical bonding of boron with carbon 
and oxygen,38 suggesting the successful B-doping of rGO sheets. 
As depicted in Fig. 4e, the high-resolution XPS C 1s spectrum 
shows a high-intensity peak at 284.3 eV due to the C=C binding. 
Additionally, a few other low-intensity peaks, including C-O, 
C=O, and pi-pi* stacking peaks at 284.9 eV, 286.9 eV, and 289.6 
eV, respectively, confirm the successful thermal reduction of 
GO. The fitting of the high-resolution XPS O 1s spectrum was 
consistent with the C 1s results. 

 
Fig. 4 (a) Raman spectra of rGO and BG, (b) SEM image of BG, (c) XPS survey spectra of 
rGO and BG. Inset shows the high-resolution (d) B 1s, (e) C 1s, and (f) O 1s of BG. 

 

Fig. 5 (a) Raman spectrum, (b) XPS survey spectrum, and (c) EDX elemental mapping of 
FL-BP@BG sample. 

The successful hybridization of FL-BP with BG was proven by 
Raman spectroscopy, XPS and EDX elemental mapping as shown 
in Fig. 5. As shown in Fig. 5a, all three Raman vibrational modes 



of FL-BP nanosheets and two characteristics bands of BG can be 
observed, suggesting that the FL-BP and BG were well 
incorporated. Moreover, it can be seen that the intensity of Si 
peak at around 520 cm-1 was relatively high despite FL-BP@BG 
was coated on the Si substrate. Fig. 5b displays the XPS survey 
scan of the FL-BP@BG, revealing the existence of C, O, B, P and 
Sn elements. The appearance of Si peak is due to the Si 
substrate used for the sample preparation, while Sn can be 
attributed to the BP crystal. In BG, a doping concentration of 
boron was measured from the XPS analysis to be around 6%, 
which is consistent with literature.41 As depicted in Fig. 5c, the 
elemental mapping on the FL-BP@BG sample also showed the 
existence of all peaks observed from the XPS survey scan, 
further confirming the successful hybridization of the BG and FL-
BP nanosheets. 
We investigated the electrocatalytic activities of five different 
samples including FL-BP, rGO, BG, FL-BP@rGO and FL-BP@BG 
for HER in acidic media (in 0.5 M H2SO4). Fig. 6a shows the linear 
sweep voltammetry (LSV) curves of the catalysts loaded on a 
glassy carbon (GC) electrode. As a control electrocatalyst, the 
LSV curve of a traditional Pt/C was first recorded (Fig. S5). The 
electrocatalytic performance (overpotentials at 10 mA cm-2, a 
value commonly used to evaluate the activity)42 of our catalysts 

have been summarized in Fig. 6b. As compared to the GC 
(inactive for HER), FL-BP nanosheets showed better catalytic 
activity for the HER. However, the potential required to reach a 
current density of 10 mA cm-2 was high (618.3 mV), revealing 
the poor electrocatalytic activity of the bare FL-BP nanosheets, 
as expected. The overpotential value of the rGO at 10 mA cm-2 
was also high at 622.8 mV. Interestingly, much lower 
overpotential (523.0 mV) was recorded for the BG to achieve 10 
mA cm-2 in comparison to the non-doped rGO. This 
demonstrates that electron deficient and size compatible 
heteroatoms induced higher conductivity with better 
electrochemical activity for the BG.22 Promisingly, the 
heterostructured electrocatalyst based on FL-BP@rGO presents 
a much lower overpotential (517.5 mV) than both individual FL-
BP (618.3 mV) and rGO (622.8 mV), demonstrating the 
effectiveness of hybridizing 2D materials. Indeed, our FL-
BP@BG exhibited superior electrocatalytic activity with the 
lowest overpotential of 385.9 mV to reach 10 mA cm-2 among 
all electrocatalysts. These results clearly reveal that while 
heteroatom doping is an effective way to enhance the catalytic 
sites of rGO, hybridizing doped rGO (BG in our case) with 
solution processed FL-BP nanosheets can exhibit remarkable 
improvement in the HER activity. 

 

 
Fig. 6 (a) LSV curves, (b) overpotential values at a current density of 10 mA cm-2, (c) current densities at a potential of 600 mV, (d) Tafel plots, and (e) EIS spectra of the five 
electrocatalysts including FL-BP, rGO, BG, FL-BP@rGO, and FL-BP@BG. (f) Polarization curves of of our FL-BP@BG catalyst initially and after 500 CV cycles. 

The bar chart shown in Fig. 6c compares the current densities 
achieved by each catalyst at constant 600 mV. As depicted in 
Fig. 6c, the bare FL-BP and rGO showed the lowest current 
density values (8.097 and 7.862 mA cm-2), respectively at 600 
mV, indicating their poor catalytic performance. Interestingly, 
the current densities of the heterostructured catalysts (FL-
BP@rGO and FL-BP@BG) were much higher than sum of the 
current densities of individual FL-BP and rGO or BG. For 
example, FL-BP@rGO obtained 31.54 mA cm-2, which was 
higher than the sum current density (15.96 mA cm-2) of 
individual FL-BP and rGO. A current density of 74.08 mA cm-2 at 
600 mV was achieved using our FL-BP@BG heterocatalyst, while 

the FL-BP and BG showed 8.097 and 24.12 mA cm-2, 
respectively. This suggests that the FL-BP nanosheets show 
excellent synergistic effect when integrated with another 
conductive material resulting in an excellent electrocatalytically 
active catalyst.43  
Furthermore, the catalytic kinetics of our FL-BP, rGO, BG, FL-
BP@rGO and FL-BP@BG for HER were also investigated from 
the linear fitting of the Tafel plots (see Fig. 6d). The Tafel slope 
of the FL-BP@BG was measured to be 110 mV dec-1, which was 
significantly lower than that of the other catalysts tested in this 
work, revealing the outstanding activity of our 
heteroelectrocatalyst. In order to gain better insights into the 



 

intrinsic activity for the HER, electrochemical impedance 
spectroscopy (EIS) was conducted at constant voltage to 
measure the charge transfer resistance (Rct) of the catalysts in 
0.5 M H2SO4 electrolyte. Promisingly, as illustrated in Fig. 6e, the 
FL-BP@BG exhibited the lowest Rct value of 5.5 Ω as compared 
to the other catalysts measured using the same experimental 
conditions, suggesting a favorable charge transfer mechanism 
for the FL-BP@BG system due to the effective hybridizing effect. 
On the other hand, the Rct of the bare FL-BP nanosheets was 
measured to be 18.0 Ω. 

 
Fig. 7 LSV curves of non-oxidized (red) and oxidized (blue) FL-BP catalysts. 

We further tested the stability of our FL-BP@BG catalyst by 
running 500 continuous cyclic voltammetry (CV) cycles in 0.5M 
H2SO4 electrolyte. Fig. 6f shows the HER polarization curves of 
our heteroelectrocatalyst before and after 500 CV cycles. It can 
be seen from Fig. 6f that no significant change in the 
electrocatalytic performance of the FL-BP@BG was observed 
after 500 CV cycles, revealing that our heterocatalyst is very 
stable in acidic media during electrochemical reactions. The 
excellent stability of our FL-BP@BG can be explained by recent 
finding by a group of researchers who reported that the 
semiconducting BP nanosheets can be stable when it is in a 
hybrid form.44 For comparison, we also tested the 
electrocatalytic performance of oxidized FL-BP nanosheets 
incorporated BG. Recently, Xu et al.9 found using a DFT 
calculation that heteroatom doping including oxygen can 
increase the hydrophobicity of the phosphorene surface. 
Surface hydrophobicity has significant influence on the 
prefactor of kinetics of the reactants in electrochemistry. For 
instance, it was found by Xu et al.9 that surfaces with higher 
hydrophobicities (O-doped and N-doped phosphorene) are 
helpful for the electrocatalytic NRR process, but the HER 
process is relatively hindered at these surfaces. As such, we 
carried out LSV measurement on the oxidized FL-BP@BG (see 
Fig. S2) coated GC electrode in 0.5M H2SO4. It can be seen from 
Fig. 7 that an overpotential of 512 mV was required to achieve 
10 mA cm-2 using the oxidized FL-BP nanosheets incorporated 
BG. This is much higher overpotential as compared to the non-
oxidized FL-BP@BG (385.9 mV), confirming that the oxidation of 
FL-BP nanosheets is undesired for the HER process. 

Conclusions 

We have successfully prepared heteroatom (boron) doped 
graphene from naturally abundant graphite flakes (obtained 
from a Mongolian mine) using a combination of chemical and 
thermal treatments. Meanwhile, we have also used a facile 
exfoliation method to produce solution processed 2D FL-BP 
nanosheets with minimal oxidation. The electrocatalytic 
properties of the FL-BP nanosheets and their heterostructures 
with graphene derivatives (rGO and BG) for the HER in acidic 
media have been studied. Promisingly, the FL-BP@BG 
heteroelectrocatalyst catalyst exhibited an enhanced HER 
activity with a low overpotential of 385.9 mV at 10 mA cm-2, 
while showing an outstanding stability over 500 continuous CV 
cycles. This work demonstrates that hybridizing 2D FL-BP with 
heteroatom doped graphene is an efficient strategy to design 
stable BP based electrocatalyst. Importantly, this work also 
reveals that protecting FL-BP nanosheets from oxidation is of 
significant importance in achieving promising HER performance. 

Experimental 

Preparation of FL-BP nanosheets 

FL-BP nanosheets were prepared using a liquid-phase 
exfoliation of bulk BP (99.998%, Smart Elements) in a solvent 
mixture of ethanol (99.7%, XiLong Chemical Factory Co. Ltd.) 
and distilled (DI) water (4:1 v/v). The solvent mixture was 
degassed using a continuous flow of argon (Ar) gas before being 
used. 50 mg bulk BP crystal was ground and added into 10 mL 
of the mixture solvent. The exfoliation was carried out using a 
bath ultrasonicator (WUC-D03H, 425 W, 40 kHz) for 5 h. After 
exfoliation, the solution was centrifuged (HC-3018R) at 6000 
rpm for 30 min. The stable dispersion of FL-BP nanosheets was 
obtained by collecting the supernatant of the centrifuged 
solution. 

Preparation of graphene oxide (GO) 

In this work, naturally abundant graphite flakes obtained from 
a mine located in Tuv aimag (Bayan soum), Mongolia were 
used.23 Specifically, the mine name: Zulegt, longitude: 47 04 00, 
latitude: 107 39 05, above sea level: 1400–1460 m. The raw 
graphite was chemically oxidized to produce graphite oxide 
according to our recent work.23 In brief, a mixture of sulfuric 
acid (98% H2SO4; XiLong Chemical Factory Co. Ltd) and 
phosphoric acid (85%, H3PO4; UnionLab Chemical Factory Co. 
Ltd.) with a volume ratio 360:40 mL (9:1) was poured into a 
beaker containing a mixture of raw graphite (3 g) and potassium 
permanganate (99.5%, KMnO4, 18 g). The oxidation process was 
conducted under stirring the mixture at 330 rpm at 50 °C for 12 
h. The reaction mixture was then cooled down to room 
temperature and poured onto ice (300 mL) with hydrogen 
peroxide (30%, H2O2; XiLong Chemical Factory Co.Ltd, 3 mL). 
Then the oxidized graphite was washed twice with the following 
solvents: (i) DI water, (ii) hydrochloric acid (30%, HCl; XiLong 
Chemical Factory Co. Ltd.) and (iii) ethyl alcohol. During washing 
steps, a white, insoluble, solid residue was observed at the 
bottom of the centrifuge tube and was removed from the 
sample. The final graphite oxide solution was bath sonicated to 
obtain graphene oxide (GO), followed by centrifuging at 4500 



rpm for 90 min. The obtained light brown GO was freeze-dried 
(LGJ-12) at -46 °C for 12 h. 

Preparation of reduced graphene oxide (rGO), BG and hybrid 
materials 

The as-prepared GO was mixed adequately with boric acid 
(99.5%, H3BO3) with a weight ratio of 1:10 using a mortar and 
pestle. Then the mixture (GO and H3BO3) was put in an Al2O3 
combustion boat and annealed in a tube furnace (PT-1200T, 
quartz tube) at 900 °C for 3 h under an Ar gas flow to obtain 
boron-doped graphene (BG). After cooling down to room 
temperature, the annealed sample was washed with hot water 
(70 oC) to remove any residual B2O3. Reduced graphene oxide 
(rGO) was prepared using the same procedure (annealing GO at 
900 oC for 3 under Ar flow), but in the absence of boric acid. FL-
BP@rGO and FL-BP@BG were prepared by sonicating the 
mixture of previously prepared FL-BP nanosheets and rGO or BG 
for 1 h. The mass ratio of the FL-BP and rGO or BG was 1:5. 

Materials characterization 

Raman spectra of the samples were obtained using a WITec 
alpha300 RA + S Raman microscope using an excitation laser 
wavelength of 532 nm with a 50× objective. The grating used 
was 600 grooves mm-1. The sample for Raman spectroscopy was 
prepared on silicon (Si) substrates by drop casting. 
X-ray photoelectron spectroscopy (XPS) was carried out using a 
Kratos Axis ULTRA X-ray Photoelectron Spectrometer 
incorporating a 165 mm hemispherical electron energy 
analyzer. The incident radiation was monochromatic Al Kα X-
rays (1486.6 eV) at 225 W (15kV, 15 mA). The base pressure in 
the analysis chamber was 1.0 × 10-8 Torr. Survey scans were 
collected at an analyzer pass energy of 160 eV while high‐
resolution (HR) scans were at 20 eV. Survey scans were carried 
out at binding energies between 1200 eV and 0 eV with 1.0 eV 
steps and 100 ms dwell time. HR scans were run with 0.05 eV 
steps and 250 ms dwell time. 
Bright-field transmission electron microscopy (TEM) images 
were acquired using a FEI Titan Themis. Scanning transmission 
electron microscopy (STEM) imaging and Energy-Dispersive X-
ray (EDX) elemental mapping were carried out also on a FEI 
Titan Themis S-TEM instrument. The STEM probe was 
aberration corrected, enabling sub-angstrom spatial resolution, 
and HAADF images were obtained. 

Electrochemical measurement 

The electrochemical tests were performed in a three-electrode 
configuration connected to an electrochemical workstation (CHI 
760D). Ag/AgCl electrode, carbon paper and catalyst coated 
glassy carbon (GC) were used as the reference, counter and 
working electrodes, respectively. The potentials recorded 
against an Ag/AgCl electrode were converted to the reversible 
hydrogen electrode (RHE) using the Nernst equation: ERHE = 
EAg/AgCl + 0.0591 pH + 0.196 V. All data were collected with iR-
compensation. The working electrodes were prepared as 
follows: 5 mg of catalyst and 70 μL Nafion solution (5 wt %) were 
dispersed in 1 mL of water/isopropanol mixture solution 
(volume ratio of 4:1) under 10 min bath sonication to produce a 
catalyst ink. Then, 12 μL of catalyst ink was loaded onto a GC 

electrode with an area of 0.196 cm2.The catalyst loading was 
0.285 mg cm-2. Linear sweep voltammetry (LSV) with a scan rate 
of 5 mV s-1 was carried out using a rotation disk electrode (RDE) 
at a rotation speed of 1600 rpm in 0.5M H2SO4. Electrochemical 
impedance spectroscopy (EIS) was performed in the frequency 
range from 100 kHz to 0.01 Hz. 
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