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Black Phosphorus Composites with Engineered  
Interfaces for High-Rate High-Capacity Lithium Storage 
Li ion battery is one of the most promising high energy density storage technologies for power-
ing the green society. The prospect is bright, however, issues are still pending to be solved.

Fig. 1:	 Steps for the ion relocation between cathode and anode in a Li-ion battery.

E nergy density and storage rates are the deciding fac-
tors affecting widespread applications of a lithium-ion 

battery (LIB), for which the energy barriers and diffusion 
coefficient of Li+ ions between the inter- and intra-component 
interfaces are critical issues. Among these interfaces, there 
are more than ten steps for Li+ ion relocation (Fig. 1) for 
performance optimization, including (1) Li+ ion exchange 
between lattice sites and vacated sites in the active materi-
al, (2) Li+ ion relocation kinetics (barrier) between the active 
material and the solid electrolyte interface (SEI), (3) rate of 
Li+ ion exchange (diffusion coefficient) in the solid electro-
lyte interface, (4) Li+ ion chelation by additives, (5) diffusion 
of chelated Li+ ions (Li+-C) in the electrolyte, (6) Li+-C incor-
poration in the separator, (7) ion relocation from Li+-C to 
carbon, (8) channel formation through formation of a Li+ 
ion pillow between carbon layers, (9) Li+ ion relocation in 
the channel, and (10) Li metal plating (if the rate of Li+ ion 
relocation in the channel is less than that of step 7).      

The interfacial resistance of the SEI and a new class of 
configuration design are effective strategies to suppress the 
energy barrier (overpotential drop) and even to decrease 
the number of ion relocation interfaces, consequently 
making a significant breakthrough of the LIB performance. 
With these aforementioned understandings,  Hengxing Ji 
(University of Science and Technology of China, China) and 
his international collaborators proposed a new interfacial 

engineering technology to enable high-rate and high- 
capacity lithium storage by coating covalently bonded black 
phosphorus (BP)-graphite particles with electrolyte-swollen 
polyaniline as nanoscaled composites. Such a design yields 
a stable solid–electrolyte interphase and inhibits the contin-
uous growth of poorly conducting Li fluorides and carbon-
ates to ensure efficient Li+ transport (Fig. 2) By collabo-
rating with Cheng-Hao Chuang (Tamkang University) and 
Ting-Shan Chan (NSRRC), the corresponding mechanisms 
for Li+ transport were deduced through use of X-ray absorp-
tion spectral analysis at the P K-edge in situ at TLS 16A1 of 
the NSRRC. Accordingly, BP can deliver a gravimetric capac-
ity 2596 mA·h g−1 (7, 8) at a 1C rate and is among the best 
three records for existing materials (note that the capacities 
for the first two materials are 4200 mA·h g−1 for Si and 
3860 mA·h g−1 for Li metal) through a three-electron alloy-
ing reaction with Li+ ions. Most importantly, such a novel 
characteristic implements a rapid charge-discharge path for 
Li+ storage with high columbic efficiency of the BP-graphite 
composite at the 2C and 4C rates without degradation, 
therefore shining light on widespread applications of elec-
tronically powered public transport in the future. 

The Li-O2 counterpart is a brand new design with fewer 
interfacial conjunctions in a LIB. It could be a promising 
solid-state prototype to resolve the pending controversy 
between high safety and high-rate considerations. However, 
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with limited fundamental under-
standing, the performance of such a 
configuration for Li+ storage with high 
capacity is yet to be improved. For this 
issue, Yi-Chun Lu and his colleagues 
utilized XANES TEY spectra at the O 
K-edge at TLS 20A1 for Li2O2-prefilled 
VC and Ru/VC electrodes in DG and 
DMSO electrolyte to reveal the Li+ 
translocation paths in the Li-O2  
battery (Fig. 3). Through cross- 
referencing the O K-edge spectra from 
samples in varied post-potential states 
in the electrode, their results provide 
systematic information to retrieve the 
chemical evolution of Li+, and success-
fully reveal the potential window that 
highlights the strategies for simulta-
neous decrease of charge potential 
and bypass of LiO2 (e.g., redox media-
tor) formation to enable efficient and 
reversible Li−O2 batteries. (Reported 
by Tsan-Yao Chen, National Tsing Hua 
University)

Fig. 2:	 Structure of (BP-G)/PANI. (a) Schematic of (BP-G)/PANI. (b,c) SEM image (b) and Raman 
spectrum (c) of (BP-G)/PANI. (d) TEM image showing the crystalline domains of BP and a 
graphite flake covered with PANI. (e) High-resolution TEM image showing the merging of 
basal planes of BP and graphite. Every two BP layers match with three graphene layers. (f) 
Dark-field TEM image and P, C, and N elemental maps of (BP-G)/PANI. [Reproduced from Ref. 
1]

Fig. 3:	 O K-edge XANES TEY spectra for Li2O2-prefilled VC and Ru/VC electrodes in DG 
and DMSO electrolyte. Spectra for Li2O2-prefilled VC electrode in (a,b) DG and 
(c,d) DMSO electrolyte. Spectra for Li2O2-prefilled Ru/VC electrode in (e,f) DG 
and (g,h) DMSO electrolyte. (i) Schematic illustration of superoxide reactions 
upon Li2O2 oxidation in Li−O2 batteries. [Reproduced from Ref. 2]
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This report features the work of Hengxing Ji and his collab-
orators published in Science 370, 192 (2020), and the work 
of Yi-Chun Lu and his collaborators published in ACS Energ. 
Lett. 5, 1355 (2020). 

TLS 16A1  BM – Tender X-ray Absorption, Diffraction
TLS 20A1  BM – (H-SGM) XAS
•	 XANES, EXAFS
•	 Materials Science, Chemistry, Condensed-matter Physics, 

Environmental and Earth Science
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T he synthesis of ammonia (NH3) from naturally abundant nitrogen (N2) is meaningful for agricultural and industrial pro-
duction, but NH3 is predominantly synthesized with the traditional Haber-Bosch process in industry. This process involves 

high temperatures and pressures, and causes severe CO2 emission because of the hydrogen feedstock from the steam refor-
mation of natural gas. The electrochemical nitrogen reduction is regarded as an energy-saving and environmentally compati-
ble process, which can synthesize NH3 under ambient conditions utilizing renewable solar or wind energy. Unfortunately, the 
electrochemical nitrogen reduction reaction (NRR) generally suffers from small ammonia yields and poor Faradaic efficiency 
because of extremely weak N2 adsorption and the sluggish cleavage of the strong N≡N bond. The rational design of active 
catalytic centers of efficient NRR electrocatalysts that can efficiently decrease the large activation barrier of N≡N and acceler-
ate its dissociation is thus still a highly challenging but vitally important issue.

Yongwen Tan (Hunan University, China) and his coworkers recently reported single-atomic Ru-modified Mo2CTX MXene 
nanosheets (denoted as SA Ru-Mo2CTX) for efficient electrocatalytic NRR under ambient conditions. The SA Ru-Mo2CTX cat-
alyst as prepared with an ultralow single-atom Ru loading exhibits high NRR activity with a great rate of NH3 yield, Faradaic 
efficiency and excellent stability, out-performing most reported NRR catalysts. Employing operando X-ray absorption spectra 
(XAS) at TLS 01C1,1 simultaneously introducing single-atomic Ru into Mo2CTX MXene nanosheets plays a significant role as 
active sites for catalytic intermediate adsorption and electron back-donation centers, which can effectively promote N2 acti-
vation and decrease the thermodynamic energy barrier of the first hydrogenation step, thereby facilitating the further hydro-
genation of absorbed N2. For example, the Ru K-edge operando XAS measurements of the SA Ru-Mo2CTX nanosheets were 
performed under NRR working conditions, as shown in Fig. 1. It was proposed that a N2 molecule preferentially adsorbs on 

Fig. 1:	 Operando X-ray absorption spectra. (a) Normalized operando Ru K-edge XANES spectra for SA Ru-Mo2CTX under various conditions (applied 
voltage vs. RHE) in K2SO4 solution (0.5 M); insert is a magnified image. (b) Corresponding FT-EXAFS spectra derived from (a). (c) Oxidation state of 
Ru and radial distance of the main signal under various conditions. [Reproduced from Ref. 1] 

Decreasing Emissions from Ammonia Production with 
Electrolysis 
Single‐atom ruthenium-modified Mo2CTX MXene serves as an efficient electrocatalyst to fix nitro-
gen under ambient conditions. 




