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A B S T R A C T   

The electronic structure of supported metal catalysts efficiently affects molecule adsorption energy and reaction 
energy barriers, which are crucial to the activity of a catalyst. By preparing nanohybrids palladium nanoparticle 
supported on few-layer black phosphorus (Pd P/FL-BP) as a catalyst, the electron-deficient structure of palladium 
nanoparticles induced by black phosphorus modification is demonstrated. The as-synthesized Pd P/FL-BP ex-
hibits much enhanced catalytic activity for the hydrogenation of 4-nitrophenol to 4-aminophenol, even higher 
than the best performances reported to date. Density functional theory calculations indicate that the high activity 
correlates with the electron-deficient Pd atoms, which help to reduce the adsorption energy of reactants and 
promote desorption of products from the electron-deficient active sites.   

1. Introduction 

Supported metal catalysts are the most widely used in industry due to 
their outstanding catalytic performances for various important chemical 
reactions [1–5]. Generally, in such systems, the electronic structure of 
the metal atoms of the supported nanoparticles plays a vital role in 
influencing molecule adsorption energy and reaction energy barriers, 
thus affecting the catalytic activity of a catalyst [6,7]. Due to their active 
electric properties [8–11], two-dimensional (2D) materials are widely 
used as supports to mediate the electronic structure of metal atoms. The 
particular structure may allow electrons transfer between the carrier 
and metal atoms, which makes the surface metal atoms serve as 
electron-rich or electron-deficient active sites for adsorbing reactants, 
desorbing products or breaking of chemical bonds. These effects further 
enhance the catalytic activity of several important reactions, including 
the electro-oxidation of formic acid [12], the propane dehydrogenation 
reaction [13] and the photocatalytic Suzuki coupling reaction [14]. 
However, in contrast to numerous studies on tuning the electronic 
structures of metal atoms supported by graphene or transition metal 
dichalcogenides (TMDs), little research has focused on other types of 2D 
materials [9,15]. 

Black phosphorus (BP), a 2D semiconductor with great potential, has 
attracted attention because of its unique electronic and optical proper-
ties [16–27]. It is worth noting that every phosphorus atom in each layer 
of BP possesses a lone pair of electrons [28]. Besides, few-layer BP also 
has the electron-reservoir and electron-donor qualities [26]. Therefore, 
if BP is introduced to construct supported metal catalysts, it will prob-
ably result in electron transfer between supported metal and BP, similar 
to those observed with other 2D materials such as graphene and MoS2 
[13,14]. Although various M/BP structures (M = Au, Ag, Pt, Ni and Co) 
have been investigated over the past four years [26,28–31], to the best of 
our knowledge, evidence to prove the influence of charge-transfer be-
tween BP and supported metal atoms on catalytic activity have not yet 
been reported. Recently, Min et al. constructed Pd/TiO2-BP hybrids 
which exhibit ultrahigh electroactivity for ethanol oxidation reaction, 
while the study on whether the electrons transfer between BP and sup-
ported metal atoms occurred or not was absent [32]. Furthermore, 
Maurizio Peruzzini et al. synthesized Pd/BP hybrids which show very 
high chemoselectivity in the catalytic hydrogenation of chloronitroar-
enes to chloroanilines [33]. Besides, they also demonstrated the exis-
tence of an unprecedented Pd − P coordination bond for the first time. 
However, the above research did not explain the reason why Pd-P bond 
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can improve the catalytic performance. 
Herein, palladium nanoparticle/few-layer BP (Pd P/FL-BP) nano-

hybrids were synthesized as a catalyst and demonstrated an abnormal 
electron-deficient structure of palladium nanoparticles induced by BP 
modification. Then, we used the hydrogenation of 4-nitrophenol (4-NP) 
with an electron-rich nitro group as a model reaction to evaluate the 
influence of such electron-deficient active sites on catalytic behavior. As 
expected, Pd P/FL-BP exhibits enhanced catalytic activity for the 
reduction of 4-NP to 4-aminophenol (4-AP), even higher than the best 
performances reported to date [34]. Density functional theory (DFT) 
studies reveal that these electron-deficient Pd NPs are able to dramati-
cally promote both the adsorption of the electron-rich oxygens of nitro 
groups in 4-NP and the desorption of electron-deficient amino groups in 
4-AP, leading to the ultrahigh catalytic activity of Pd P/FL-BP. This is an 
in-depth investigation on the electron transfer between BP and sup-
ported metal atoms, and we believe that current findings can offer new 
insights for the design of other efficient electron-deficient catalysts. 

2. Experimentals 

2.1. Materials and chemicals 

Pristine BP crystals (>99.998 %) were purchased from Nanjing 
XFNANO Materials Tech Co., Ltd. (Nanjing, China). The Na2PdCl4 and 
Graphene oxide (GO) were acquired from J&K Scientific Ltd. (Beijing, 
China). KBH4 was supplied by Jinke Chemical Research Institute 
(Tianjin, China). 4-Nitrophenol, 4-aminophenol and sodium citrate were 
purchased from Sigma-Aldrich. Aqua regia (a mixture of one part nitric 
acid and three parts hydrochloric acid) was used to wash glassware to 
minimize the potential contamination. Besides, Milli-Q water (18 MΩ 
cm, Millipore) was used for all experiments. 

2.2. Preparation of FL-BP 

The FL-BP was prepared by a simple water exfoliation method 
following the previous study [23]. Briefly, pristine BP (20 mg) was 
dispersed in 50 mL centrifugal tube containing 45 mL of Milli-Q water 
that was bubbled with nitrogen to eliminate the dissolved oxygen to 
avoid the oxidization. Then the lid of the centrifugal tube was sealed 
with parafilm, for keeping the oxygen away from the BP. Afterward, the 
mixture solution was sonicated under ice cooling for 8 h with a ultra-
sonic cleaner (KQ-600DE) at 600 W output power. Next, the resultant 
brown suspension was centrifuged at 4000 rpm for 5 min with two times 
to remove the residual unexfoliated BP and the supernatant was 
collected as FL-BP solution. In addition, the precipitations of unexfo-
liated BP were further processed with vacuum freeze drying (vacuum 
freeze dryer, ALPHA 2–4) at -55℃ in high vacuum to get the solid 
unexfoliated BP. The concentration of as-obtained FL-BP is about 0.16 
mg mL− 1, which was calculated as follow: 

c = m0 − m1
V 

where, c denotes the concentration of FL-BP, m0 is the total mass of 
BP, m1 is the mass of solid unexfoliated BP and V is the volume of FL-BP 
solution. 

2.3. Synthesis of Pd P/FL-BP hybrids 

Pd P/FL-BP catalysts with a 2.5 mol% metal loading were prepared 
with a reduction method, in which Na2PdCl4 was used as Pd precursor. 
In detail, 147.1 mg of Na2PdCl4 was dissolved in 10 mL water (bubbled 
with nitrogen) to gain 50 mM Na2PdCl4 aqueous solution. After that, 13 
μL (nPd = 0.65 μmol) of the above solution was diluted into 5 mL water 
(bubbled with nitrogen). Subsequently, all of the 5 mL solution was 
added into 5 mL FL-BP (nBP = 26 μmol, nPd = 2.5 % nBP) solution 
dropwise under the protection of nitrogen atmosphere while stirring. 
Then 130 μL of KBH4 solution with a concentration of 100 mM (nKBH4 =

13 μmol, 20 times higher than nPd) was injected into the Pd/FL-BP so-
lution and stirred for 3 h. The mass ratio of Pd to BP in 2.5 mol% Pd P/ 
FL-BP is 8.6 %. The 0.3 mol%, 1 mol%, 5 mol% and 10 mol% Pd/FL-BP 
nanohybrids were prepared by the same method except appropriately 
changing the amount of Pd and KBH4. 

2.4. Synthesis of Pd NPs and Pd NP/GO 

Pd NPs with a diameter of ~5.5 nm were prepared by a reduction 
method. In detail, 0.1 mM Na2PdCl4 and 1%(m/m) sodium citrate were 
dissolved in Milli-Q water. Then, 7.5 mL Na2PdCl4, 15 mL sodium cit-
rate, 5 mL ethanol and 52.5 mL H2O were mixed together in a 250 mL 
three-necked flask. The reaction mixture was kept stirring at 60℃ under 
refluxing treatment. Another 7.5 mL Na2PdCl4, 15 mL sodium citrate 
and 5 mL ethanol were added every one hour for two hours. Then the 
dispersion of ~5 nm Pd NPs can be obtained. Afterwards, the Pd NPs 
were collected by centrifugation and washed with Milli-Q water three 
times. 

In a typical synthesis of Pd NP/GO [12,35], homogeneous GO sus-
pension (5 mL 0.5 mg mL− 1) and Na2PdCl4 (0.5 mL 10 mM) aqueous 
solution was kept in a vial under vigorous stirring for 30 min at 25℃. 
Then, the reaction mixture was washed with pure water three times and 
centrifuged to remove the remaining reagents. 

The concentration of Pd in as-synthesized Pd NPs and Pd NP/GO was 
analyzed by inductively coupled plasma-optical emission spectrometry 
(ICP-OES). The mass ratio of Pd to GO is 21.2 %. Although the mass 
ratios of Pd in Pd P/FL-BP and Pd NPs/GO are different, the diameter of 
Pd NPs in the two catalysts was finely controlled to ~5.5 nm, which 
effectively eliminated the potential impact of size effect to the catalytic 
activity. 

2.5. Characterizations of catalysts 

High resolution transmission electron microscopy (HRTEM) studies 
were performed using a Tecnai G2 F-20 (FEI) HRTEM. Tapping-mode 
atomic force microscopy (AFM) was fulfilled on 5500 SPM (Agilent). 
The valence states of P and Pd species were analyzed by X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, USA) and 
all binding energies were revised with the C 1s line at 284.8 eV. 
Furthermore, the %Lorentzian-Gaussian of the XPS spectra was fixed at 
20 %. Raman spectra were collected by a Renishaw in via Raman mi-
croscope with 532 nm laser line as excitation sources at a power of 0.1 
mW under ambient condition. HAADF-STEM images were recorded 
using a JEM-ARM 200F instrument (Tokyo, Japan). UV–vis-NIR spec-
troscopy was conducted on a Shimudazu UV-3600 spectrophotometer. 

2.6. Electrochemical measurements 

Before each experiment, glassy carbon electrodes (5.0 mm inner 
diameter) were first polished with α-alumina slurries (Al2O3, 0.5 μm) on 
a polishing cloth to obtain a mirror finish, followed by sonication in 
ethanol and Milli-Q water for 20 min, successively. A working electrode 
was prepared by depositing desired amount of catalysts (10 μg) on a 
glassy carbon electrode. After vacuum drying, 5 μl of 0.5 wt% Nafion 
solution was dropped on the electrode surface to stabilize the catalysts 
on the surface of electrode. Besides, voltammetric measurements were 
carried out with a CHI630C electrochemical workstation. A Ag/AgCl 
and a platinum wire were used as the reference and counter electrode, 
respectively. For CO stripping, pure CO gas (99.99 % purity) was purged 
through the catalyst surface in the cells filled with 0.5 M H2SO4 elec-
trolyte for 15 min while holding the working electrode at -0.166 V 
(versus Ag/AgCl). Afterwards, N2 was purged for another 15 min to 
eliminate any dissolved CO in the electrolyte. The adsorbed CO was 
oxidized by cyclic voltammograms (CV) with a scan rate of 20 mV/s, and 
the CO stripping curve was taken. 
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2.7. Catalytic hydrogenation of 4-NP 

Kapp = − Ln
A400(t)

A400(t− 0)

In a quartz cuvette, aqueous solution of KBH4 (16 mM, 1.5 mL) was 
added to aqueous solution of 4-NP (0.2 mM, 1.5 mL) at room tempera-
ture. Then moderate amounts of Pd (the molar ratio of Pd/4-NP = 0.02) 
catalysts was mixed with the above solution. The UV–vis-NIR spectros-
copy was used to continuously monitor the adsorption at 400 nm for 100 
s and the apparent rate constants were calculated by the first-order 
model as follow: 

where kapp is the apparent rate constant, A400(t) and A400(t=0) repre-
sent the absorbance of 400 nm at t and t = 0, respectively. 

2.8. Computational method 

The first principles calculations in the framework of density func-
tional theory (DFT), including electronic and structural performances, 
were carried out on the basis of the Cambridge Sequential Total Energy 
Package (CASTEP) [36]. For description of the electron-electron inter-
action, the electron exchange-correlation functional under the general-
ized gradient approximation (GGA) in the form of norm-conserving 
pseudopotentials and Perdew-Burke-Ernzerh (PBE) of functional was 
adopted [37,38]. An energy cutoff of 750 eV was used and a k-point 
sampling set of 5 × 5 × 1 was tested to be converged. A force tolerance of 
0.01 eV Å− 1, energy tolerance of 5.0 × 10-7 eV per atom and maximum 
displacement of 5.0 × 10-4 Å were considered. Each atom in the storage 
models is allowed to relax to the minimum in the enthalpy without any 
constraints. The vacuum space along the z direction is set to be 15 Å, and 
the surface of Pd P/FL-BP (001) with lattice constants of a = 13.240 Å, b 
=17.520 Å, which is enough to avoid interaction between the two 
neighboring images. The bottom BP layer was fixed, and the top BP layer 
and Pd cluster were relaxed. Then, the 4-NP and 4-AP had been absorbed 
on three different sites on surface of Pd P/FL-BP (001). The GO is made 
up of 51 C atoms, 7 OH and 13 C-O. Then, Pd12 nanoparticle was sup-
ported on the surface of BP(001) and GO. Besides, the pure Pd13 nano-
particle was also considered. 

The adsorption energy (ΔE) of A (4-NP or 4-AP) molecule on the 
surface of substrates was calculated by using the following equation:  

ΔE = E*A – (E*+ EA)                                                                           

where E*A is the total energy of the adsorption of A molecule on sub-
strates, E* and EA are the energies of clean substrates and A molecule, 
respectively. 

3. Results and discussion 

3.1. Structural characterization 

The synthetic routes of Pd P/FL-BP are briefly illustrated in Scheme 
1. The typical transmission electron microscopy (TEM) image clearly 
shows that the as-exfoliated nanosheets has an ultrathin sheet-like and 
layered structure with lateral sizes of several hundred nanometers 
(Fig. 1a, b). In addition, the 0.22 nm lattice spacing of the border cor-
responding to the BP (002) crystal facet is presented in the high- 
resolution TEM image (HRTEM, Fig. 1c). The selective area electron 
diffraction (SAED) pattern in Fig. 1d reveals that the FL-BP is crystalline 

and orthorhombic in structure. Atomic force microscopy (AFM) results 
show that the thickness of FL-BP is about 2.0 nm (Fig. 1e), which cor-
responds to approximately 4 phosphorus atomic layers considering the 
interlamellar spacing of BP is approximately 0.5 nm [16], indicating 
successful exfoliation of pristine BP. Fig. 1f shows the changes in the 
Raman spectra for bulk BP and FL-BP. After ultrasonic exfoliation, the 
A1

g, B2g and A2
g vibration modes of BP are redshifted by approximately 

2.5, 4.8 and 4.6 cm-1, respectively. The similar shifts of the Raman peaks 
indicate thickness reduction and fabrication of FL-BP [39], and are in 
good agreement with the results revealed by TEM and AFM. 

After Pd NPs deposition on FL-BP (Pd P/FL-BP), the morphologies of 
as-prepared samples were first checked by TEM and the aberration- 
corrected high-angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM). As shown in Fig. 2a, b, the Pd NPs are 
uniformly distributed on the surface of the FL-BP with a diameter of 
about 5.5 nm (Fig. 2c). Such a high dispersity of supported Pd NPs may 
give rise to good catalytic activity [40]. Moreover, the components of Pd 
P/FL-BP were analyzed by X-ray photoelectron spectroscopy (XPS) and 
energy dispersive X-ray spectroscopy (EDS). Fig. 2d and S1 display the 
typical signals of Pd and P elements for Pd P/FL-BP. Peaks centered 
around 532, 337, 285, 188, 151, 130 and 103 eV are assigned to O1 s, 
Pd3d, C1 s, P2s, Si2s, P2p and Si2p, respectively. For the peaks in the 
range of 480− 490 eV, they may originate from systematic error. Besides, 
the strong O peaks in Fig. 2d may come from adsorbed contaminating 
oxygen and the light surface oxidation of BP [41]. X-ray powder 
diffraction (XRD) was performed to investigate the crystallinity of 
as-prepared FL-BP and Pd P/FL-BP (Fig. 2e). The diffraction peaks at 
16.8, 26.4, 34.2 and 52.3◦ were observed for the FL-BP and assigned to 
the diffraction of the (020), (021), (040) and (060) crystal planes of 
orthorhombic BP, respectively. In the Pd P/FL-BP, aside from 39.1◦, 
indexed to (111) crystal plane of Pd NPs, the other characteristic peaks 
of Pd were not observed, due to the low weight ratio of Pd in the com-
posites and overlap of most of the peaks for BP. In addition, no clear 
differences are observed in the characteristic Raman peaks of FL-BP after 
Pd deposition (Fig. S2), suggesting that the vibrational structures of 
FL-BP in the Pd P/FL-BP nanohybrids remain unchanged. 

3.2. Electronic properties 

To probe whether FL-BP can tune the electronic structure of sup-
ported Pd atoms, Pd NPs and Pd NPs/graphene oxide (Pd NP/GO) were 
synthesized as controls (Fig. S3). To eliminate the potential impact of 
size effect on electronic structures, the diameters of Pd NPs in both of Pd 
NPs and Pd NPs/GO were finely tuned to that of Pd P/FL-BP (~5.5 nm, 
Fig. 2c). Afterwards, XPS, an effective technical measure for determining 
the electronic structure of surface elements, was performed. In Fig. 3a, 
the peaks at 335.2, 337.1, 340.5 and 342.3 eV of Pd NPs are corre-
sponding to Pd◦ 3d5/2, Pd2+ 3d5/2, Pd◦ 3d3/2 and Pd2+ 3d3/2, respec-
tively. The Pd◦ binding energies of Pd NPs and Pd NP/GO are the same, 
suggesting the similar Pd◦ electronic structure of the two materials. In 
addition, those of 335.9 and 341.4 eV in Pd NP/GO may originate from 
partial oxidized PdOy (0 < y < 1) [42,43]. Noticeably, the binding en-
ergies of Pd◦ 3d5/2 and Pd◦ 3d3/2 in Pd P/FL-BP shift positively about 0.4 
eV in comparison to those of Pd NPs or Pd NP/GO. Such an obvious 
redshift may indicate the formation of an additional bond between Pd 
and P, and then the transfer of valence electrons of the Pd atoms to the 
surface of FL-BP, leading to a decreased electron density and an increase 
in the core level binding energies of Pd [13,44]. The electrons losing of 
Pd was also confirmed by CO stripping voltammetry (Fig. S4). 
Furthermore, these speculations were demonstrated by the comparison 
of the high-resolution XPS spectra of P 2p between FL-BP and Pd 
P/FL-BP (Fig. 3b). Firstly, when Pd NPs deposited on FL-BP, the binding 
energies of P 2p3/2 and P 2p1/2 shift negatively 0.2 and 0.1 eV, 
respectively, which proves the electrons of Pd atoms transferred to the 
surface of FL-BP and the formation of P-Pd bonds, thus resulting in 
redistribution of the electron densities of P atoms. Secondly, in Scheme 1. Schematic diagram of synthesis of the Pd P/FL-BP nanohybrids.  
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comparison with weak oxidized phosphorus (i.e., POx) subbands of the 
FL-BP, the peak at 133.5 eV of Pd P/FL-BP is enhanced greatly. 
Considering the lower oxidation extent of FL-BP and the whole synthesis 
of Pd P/FL-BP was under the protection of inert atmosphere, we believe 
that the new strong peak can be attributable to the perturbed phos-
phorus atoms close to the one bonded to palladium, which is demon-
strated also from the Mulliken charge analysis discussed below. 
High-resolution C1 s and O1 s XPS spectra of these materials were also 
analyzed in Fig. S5. 

The Mulliken charge analysis was carried out to further confirm the 
electronic structure of Pd in Pd P/FL-BP. As Fig. 3c shows, the charge of 
the peripheral atoms of the Pd NP is -0.02 a.u., suggesting the exposed 
Pd atoms carry negative charges. In Pd P/FL-BP, although the top Pd 
atom of the Pd NP is nearly neutral (+0.03 a.u.), the atoms closer to BP 
lose more electrons and have a more positive charge, especially the BP- 
coordinated Pd atoms (+0.12 a.u.). The Mulliken charge analysis gives 
clear evidence that the Pd atoms in Pd P/FL-BP lose electrons and 
become positive. 

Fig. 1. Morphology and structural characterizations of FL-BP. (a), (b) TEM images of FL-BP with different magnifications. The inset of (a) shows the Tyndall effect of 
exfoliated BP in water solution. (c) HRTEM image, (d) SAED pattern and (e) AFM image with thickness distribution of FL-BP. (f) Raman spectra of bulk BP and FL-BP. 

Fig. 2. (a) TEM image and (b) HAADF-STEM image of Pd P/FL-BP. (c) Size distribution histogram of Pd NPs. Comparison of (d) XPS spectra and (e) XRD patterns 
between FL-BP and Pd P/FL-BP. The mole ratio of Pd to BP in Pd P/FL-BP is 2.5 mol%. 
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3.3. Catalytic performances 

In order to clearly evaluate the influence of such an electron- 
deficient structure on the catalytic activity, the reduction of 4-NP to 4- 
AP, which is sensitive to the electronic structure of active sites, was 
used as a model reaction (Fig. 4a) [45,46]. Besides, this reaction also has 
actual meanings since 4-NP is identified as a priority control pollutant, 
while the product 4-aminophenol (4-AP) is a key precursor for medical 
industry [47]. Firstly, a comparative experiment for the 4-NP reduction 
in the presence of FL-BP was implemented. The reaction was monitored 
by UV–vis spectrophotometry, and a slight change was observed after 10 
min at 400 nm (Fig. 4b), a characteristic absorption peak of the mixture 
of 4-NP and KBH4, implying that FL-BP does not have considerable 
catalytic activity. In contrast, when a small amount of 2.5 mol% 
Pd/FL-BP was added to the mixture, the reduction was surprisingly 
completed in only 20 s (Fig. 4c). The UV–vis results showed the complete 

disappearance of the 4-NP absorption peak at 400 nm and the appear-
ance of a new peak at 300 nm, corresponding to a characteristic ab-
sorption peak of 4-AP. Afterwards, the Pd loading amount was 
optimized. Fig. 4d revels that the 2.5 mol% Pd P/FL-BP gave the highest 
rate constant of 84 × 10− 3 s-1, which is even higher than the best per-
formance reported to data (Table S1). Although some Pd single atoms 
were observed in Fig. 2b, they have no remarkable effect on the reaction 
activity (Fig. S6), suggesting that the Pd NPs in the structure of Pd/FL-BP 
play an important role in improving the reaction activity. To evaluate 
the functions of BP in Pd/FL-BP for the hydrogenation of 4-NP, the Pd 
NPs and Pd NP/GO, with a diameter of ~5.5 nm, were used as catalysts 
under the same conditions. As Fig. 4e shows, the rate constants of Pd NPs 
and Pd NP/GO are 0.7 and 8.1 × 10− 3 s-1, which is 120 and 10 times 
lower than that of Pd P/FL-BP, respectively. The activity normalized to 
surface area and Pd mass loading was shown in Fig. S7. These results 
strongly suggested that FL-BP and Pd NPs work synergistically to 

Fig. 3. (a) High-resolution XPS spectra of Pd 3d of Pd NPs, Pd NP/GO and Pd P/FL-BP, and (b) P 2p of FL-BP and Pd P/FL-BP. All the XPS spectra were calibrated 
with the C 1s binding energy at 284.8 eV. (c) Constructed models of Pd NP (Pd13) and Pd P/FL-BP (Pd12), and the corresponding Mulliken charge analysis. 

Fig. 4. (a) Chemical equation of the reduction of 4-NP 
to 4-aminophenol (4-AP). The 4-nitrosophenol (4-NSP) 
and 4-hydroxy-hydroxylaniline (4− HHA), in the dotted 
rectangle, are the intermediary compounds during the 
reaction. UV–vis spectra of 4-NP before and after 
reduction by KBH4 in the presence of (b) FL-BP and (c) 
2.5 mol% Pd P/FL-BP. (d) Activity of 0.3, 1, 2.5, 5, 10 
mol% Pd P/FL-BP nanohybrids and FL-BP for 4-NP 
reduction. (e) Activity of 2.5 mol% Pd P/FL-BP nano-
hybrids, Pd NPs, Pd NP/GO, commercial Pd/C and GO 
for 4-NP reduction.   
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achieve the good catalytic performance exhibited by Pd P/FL-BP. Since 
the impact of size effect has been eliminated, the high activity of Pd 
P/FL-BP can be attributed to the electron-deficient structure of the Pd 
NPs tuned by FL-BP. 

3.4. Stability of materials 

Recent studies have demonstrated that FL-BP can be easily oxidized 
under ambient conditions to form PxOy on the surface [48,49], and 
previous reports reveal that metal modification can effectively increase 
the stability of BP nanosheets [31,50]. It is thus necessary to investigate 
whether Pd NPs deposition can stabilize FL-BP as well. We monitored 
the optical absorbance of Pd P/FL-BP nanohybrids and FL-BP, which are 
both dispersed in water under ambient condition. The UV–vis absor-
bance of Pd P/FL-BP dispersion at 550 nm shows only a slight decrease 
(~6%) after maintained for 7 days, whereas there is a ~42 % decrease in 
that of FL-BP dispersion (Fig. 5a, b, c). Therefore, the degradation of 
FL-BP is significantly inhibited by the modification of Pd NPs, which can 
be attributed to the strong BP-Pd interaction as confirmed by the above 
XPS studies. Moreover, for the catalytic reduction of 4-NP by Pd 
P/FL-BP, the conversion rates above 95 % could still be achieved after 4 
cycles (Fig. 5d), suggesting the Pd P/FL-BP nanohybrids display a good 
catalytic stability. Therefore, Pd P/FL-BP may have a huge industrial 
potential in the degradation of some objective organic environmental 
pollutants for their good catalytic performance and stability. 

3.5. Theoretical research 

The adsorption energies of 4-NP, 4-NSP, 4-HHA and 4-AP on the 
surface of Pd P/FL-BP, calculated by DFT, were -1.3, -1.1, -0.85 and 
-0.69 eV, respectively (Fig. 6). Noteworthy, the adsorption energy of 4- 
NP on Pd P/FL-BP is very strong, which is 1.9 times higher than that of 4- 
AP, and also higher than the adsorption energies of 4-NP on Pd NPs or Pd 
NP/GO (Fig. 7). In addition, by closing to the Pd P/FL-BP surface, the 
N–O bond length is enlarged and a Pd-O chemical bonding is formed. 
Similar phenomena were discovered in 4-NSP (Fig. 8). Both the increase 
of N–O bond lengths and the formation Pd-O bonds prove the strong 

interaction between 4-NP and Pd P/FL-BP. The strong interaction of 4- 
NP-Pd P/FL-BP and weaker interaction of 4-AP-Pd P/FL-BP benefits 
the adsorption of reactants, and promotes the desorption of products and 
thus accelerating the conversion of 4-NP into 4-AP. 

The studies above demonstrate the obvious synergistic effect of BP 
nanosheets for tuning the electronic structure of supported metallic NPs 
and highly dispersed electron-deficient Pd NPs prior to the adsorption of 
4-NP. As illustrated in Scheme 2, we propose that FL-BP, possessing a 
high surface area and electron reservoir property [16–21], serves as the 
electron-withdrawing support. When Pd NPs are highly dispersed on 
FL-BP, electrons transfer from the Pd NPs to the BP nanosheets by the 
Pd-P bonds. Meanwhile, the two electron-rich oxygen atoms of the nitro 
group in the 4-NP molecule can be tightly adsorbed on the surface of 
electron-deficient Pd NPs during the reaction [45]. In addition, these Pd 
NPs also serve as catalysts to produce H* by the oxidization of KBH4 to 
reduce the adsorbed 4-NP [51]. After complete hydrogenation, the 4-AP 
molecules can easily desorb from the surface of Pd NPs, and the active 
sites are exposed again to reactants for continuous reduction. Therefore, 
the ultrahigh catalytic activity of Pd P/FL-BP for hydrogenation 

Fig. 5. UV–vis absorption spectra of (a) Pd P/FL-BP nanohybrids and (b) FL-BP dispersed in water after standing for different times. (c) Variation of the absorption 
ratios (A/A0) at 550 nm of Pd P/FL-BP and FL-BP dispersions with different times. (d). Cycle stability test on Pd P/FL-BP conversion for catalytic reduction of 4-NP to 
4-AP. 

Fig. 6. Stepwise hydrogenation of 4-NP and the corresponding adsorption 
energies under thermodynamically favored adsorption structures from DFT 
calculations. 
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reduction of 4-NP is expected and can be realized. 

4. Conclusion 

In summary, the influence of Pd-P bonds and electron-deficient 
active sites in Pd P/FL-BP nanohybrids on catalytic activity was 
demonstrated. This unique electronic property results in the remarkable 
catalytic activity of Pd P/FL-BP for the reduction of 4-NP to 4-AP, and its 
catalytic efficiency is even higher than the best performance reported to 
date. During the reaction, the electron-deficient structure of the Pd NPs 

can lower the adsorption energy of reactants with electron-rich groups 
(such as 4-NP) and promote the desorption of products with electron- 
deficient groups (such as 4-AP), leading to the ultrahigh catalytic ac-
tivity of Pd P/FL-BP. This work not only clearly demonstrates the elec-
tron transfer mode between BP and Pd NPs but may also open new 
avenues for the design of other electron-deficient catalysts with high 
catalytic activity for some important chemical reactions. In addition, 
considering the electron-reservoir property of BP and the success in 
development of 2D materials for terahertz (THz) devices [52,53], our 
study opens interesting perspectives to finely manipulate the BP surface 
to adjust the electron concentration in BP nanosheet, which has the 
potential reveal tunability of THz emission for THz lasing and highly 
sensitive THz photodetection. 
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Fig. 7. Stepwise hydrogenation of 4-NP catalyzed by (a) Pd NPs and (b) Pd NP/GO, and the corresponding adsorption energies under thermodynamically favored 
adsorption structures from DFT calculations. 

Fig. 8. The models of (a) 4-NP and (b) 4-AP during the reaction, and corresponding adsorption models on Pd P/FL-BP (c, d). Bond lengths (Å) of N–O and Pd-O are 
labeled in the figure. 

Scheme 2. Proposed catalytic process for the reduction of 4-NP to 4-AP cata-
lyzed by Pd P/FL-BP catalysts. 
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