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A B S T R A C T   

The ever-growing energy market demands a million tons yield of lithium-ion batteries (LIBs) which contributes 
to the climate change via huge greenhouse gas (GHG) emission, yet the depleting cathode resources pursuit 
sustainable production routes. Recycling of the spent LIBs is crucial. Current LIBs recycling utilizes complex 
process and consumes huge amount of energy. The key question is how to balance the GHG emission and the 
overall performance of the recycled cathodes. Many techniques have been tried to address the issue, but the 
GHG-performance dilemma remains to be overcome. Here we provide a route of sphagnum uptake of spent LIBs 
cathode toward high performance lithium sulfur (Li–S) battery, which may settle the infeasibility of ternary 
cathode recycling via industrial applicable processes. As-prepared cathode benefits from both chemical stabili-
zation and hierarchical structural encapsulation, hence grants high S ratio (~80%) and good specific capacity 
(~700 mA h g� 1 after 300 cycles). Eventually, this route realizes an unprecedented negative GHG emission and 
achieves about 230% specific capacity higher than others.   

1. Introduction 

Since LIBs have been introduced to the public in the early 1990s [1], 
they have excelled traditional rechargeable batteries (Ni–Cd, Ni-MH, 
etc) in high specific capacity over a wide range of portable electronics. 
In the past few years, the booming market of electric vehicles led to an 
exponentially increased LIBs industry. From 2010 to 2017, the annual 
production of LIBs have been quadrupled to 1 million tons which led to 
huge energy input & GHG (greenhouse gas) emission [2]. Significant 
climate change follows, Greenland ice sheet beats an all-time melt re-
cord of 12.5 billion tons in a single day this August [3]. Current research 
mainly focused on the improvement of LIBs’ capacity, cycle life, and 
safety [4–7]. Yet, it is reported that 95–98% [8,9] of waste LIBs were 
buried in landfills due to lack of energy-efficient and practical recycling 
techniques [10–12]. The underestimated issues such as element deple-
tion, waste deflagration, and soil/underground water contamination are 
unprecedentedly severe (Fig. 1a). 

Briefly, LIBs recycling techniques consist of pyrometallurgical/ 

hydrometallurgical processes for unary cathodes (based on the number 
of transition metals, e.g. LiCoO2, LiFePO4) [13]. and ternary cathodes (e. 
g. LiNixCoyMnzO2) [14]. LiCoO2 is a well-recycled unary cathode for its 
high value and low reserve. But it’s worth knowing that Li-NCM (Ni, Co, 
Mn) oxides has become the quickest expanding battery technology 
among all cathodes (33% share in 2017, estimated 70% in 2025) due to 
its high capacity and low cost [2]. Current recycling technologies for 
ternary cathodes consist of two approaches. One of them utilizes mul-
tiple separation steps for each ion, therefore the co-extracted impurities 
will accumulate distinctly [15]. It also makes the products no compet-
itiveness toward pristine materials. The other way directly resynthesizes 
Li-NCM oxides from leaching solution, but it needs to add large amount 
of metal to tune the composition. That owes to the different formulas 
from thousands of manufacturers. So far, no practical technology has 
been achieved for the recycling of mixed ternary cathode [16]. There-
fore, an eco-friendly, GHG-saving, and ternary cathode-processable 
recycling route is inevitable. 

Meanwhile, Li–S batteries was considered as successor of traditional 
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LIBs due to its supreme theoretical specific capacity (1675 mA h g� 1), 
large reserve, and eco-friendly nature [17,18]. Yet typical Li–S batteries 
usually provide a low cycled-capacity, which can be attributed to the 
low columbic efficiency (S agglomeration and insulating S, Li2S2, Li2S), 
structural instability (~80% volume expansion from S to Li2S2/Li2S), 
and S-leaking shuttle effect (dissolved LiPSs). To solve these issues, 
various strategies have been explored by taking the advantages of 
carbon-based structures such as layer wrapping [19,20], layer-by-layer 
stacking [21], 3D network [22], nanotube arrays [20], hollow shells 
[23]/tubes [24], etc. to spatially confine the LiPSs [25]. They can relief 
the above problems to some extent and increase the S mass-loading by 
structural confinement. Nevertheless, physically absorption of LiPSs in 
the pores or slits can only stand for a very limited number of cycling. 
Owing to the weak interactions between the non-polar carbon surface 
and polar LiPSs, soluble LiPSs are tend to migrate to the anode, which 
are causes of the shuttle effect and low utilization of S as well as the low 
cycle stability. On the other hand, materials with polar-bond were also 
studied using e.g. graphene oxides (-O) [26], nitrogen-doped graphene 
[27]/vanadium nitride (-N) [28], sulfides (-S) [29], MOFs [30]/MXenes 
(-Metal) [31], etc. to bring polar-polar interactions with LiPSs. More-
over, metal oxide hosts such as, V2O5 [32], Fe2O3 [33], Ti4O7 [34], 
MnO2 [35], etc. were widely studied since they can form a relatively 
strong bonding with Liþ/Sx

2� and effectively entrap these species. 
Generally, the LiPSs trapping was studied in different aspects and 
neither carbon structure nor the polar binding is adequate separately. 
Thus, we believe an eco-friendly, energy conserving technique 
combining unique carbon architectures and relatively high entropy 
transition-metal-based oxide may enable supreme LiPSs 
dual-encapsulation and thus largely increase the S mass-loading/ratio 
and lead to a green future of Li–S batteries. 

Targeting both Li-NCM ternary cathode recycling and Li–S batteries 
advancing, we propose a naturally sphagnum uptake of waste Li-NCM 
ions loaded with S as novel Li–S battery cathode. This route is energy- 
&GHG-saving and generally applicable to industrial ternary cathode 
recycling with high recovery efficiency. As-prepared cathode benefits 
from both hierarchical structural stabilization and chemical encapsula-
tion, hence grants high S ratio (80% of the mass of active materials, 64% 
considering the whole electrode), high mass loading, and high specific 
capacity. Sphagnum moss grows widely (from Finland to south China) 
with specialties in atmosphere/water quality improvement. As one of 
the most water-absorbing and metal-accumulating plants, sphagnum 
can effectively uptake metal ions (Li, Ni, Mn, etc) via its pore-rich 
structure and then anchor them by an ion-exchange mechanism [36, 
37]. It can maintain a tubular scaffold after carbonized as the structural 
encapsulation to relief the volume expansion, plus the finely decorated 

Li-NCM oxides can bind with LiPSs to relief the shuttle effect. This 
naturally uptake route can surprisingly realize negative GHG emission 
which excels other recycling techniques and achieves 230% higher 
specific capacity after 300 cycles compared to the top Li-NCM cells to 
our best knowledge. 

2. Results and discussions 

2.1. Metal uptake mechanism of sphagnum 

The tubular sphagnum-oxides-sulfur (Sph-Ox-S) composite was 
cultivated and prepared as shown in Fig. 1b. Sphagnum can effectively 
absorb and then evaporate water as a purifier. Its metal uptake property 
is outstanding even in acid environment (pH � 4). The interactions of 
biomass carbon and Li-NCM ions took place uniformly accompanied by 
sunlight illumination. The metal ions were uptaken and anchored to the 
biomass carbon via an ion exchange process that was reported elsewhere 
[37]. 

Mnþ þ nðHXÞ→ nHþ þ ðMXnÞ (1)  

Here Mnþ are metal ions (Liþ, Ni2þ, Co2þ, Mn2þ), (HX) are the lower pH 
stronger acid sites, and (MX) represent the anchored meatal ions. 

2.2. Structural & Elemental characterizations 

To better study the unique structures and compositions of sphagnum- 
oxides (Sph-Ox) and Sph-Ox-S, scanning electron microscopy (SEM) 
images was captured. Fig. 2 shows typical SEM images of the sphagnum 
cells without (Fig. 2a and b) and with metal uptake (Fig. 2c). The 
average diameter of the sphagnum cell is around 10 μm and the tunnel 
length is several tens micrometer with respiration pores. This design of 
nature can accommodate large amount of active materials and allow 
electron&electrolyte to transport quickly. The carbonization process 
breaks most of the inner walls along the cell nervure while maintaining 
the thick external walls with a yield of 25.9%. In general, the tubular 
carbon-network may simultaneously offer electron transport and ion 
transport pathways thus enhance the rate performance of the cathode. 

Besides the microscopy of carbon-network, energy-dispersive X-ray 
spectroscopy (EDS) mappings were also acquired to reveal the distri-
bution of Ni, Co, Mn, and S elements. Different from other methods in 
synthesizing hybrid metal oxides, the naturally uptake cultivated a 
precursor with evenly distributed Li, Ni, Co, and Mn ions which is 
energy-free. Fig. 2c–f shows the SEM and EDS mapping of the well- 
distributed Li-NCM oxides after calcination. The size of oxides ranges 

Fig. 1. Schematic illustration of (a) element depletion, waste deflagration, and soil/underground water contamination caused by disposal of the spent LIBs, (b) 
sphagnum uptake Li-NCM ions; calcination form tubular structure with well crystallized Li-NCM oxides; S filtration into the tubular structure to relief the volume 
expansion of LiPSs plus finely decorated Li-NCM oxides relief the shuttle effect. Red arrows and blue arrows represent the electron/electrolyte flow along/through the 
tubular structures. 
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from ten to a hundred nanometers. The morphologies of illumination- 
assisted uptake Sph-Ox shows sharp contrast to the dipped sample 
which proves its advantage (well-distribution vs. agglomeration in 
Fig. S1). S was dispersed in the cell tunnel in order to accommodate the 
volume change as expected (Fig. 2l). The element presence and oxida-
tion states of Ni, Co, and Mn were also analyzed by X-ray photoelectron 
spectroscopy (XPS). The data were processed (details in SI) and assigned 
using the C 1s peak (Fig. S2) as calibration. The binding energies of Li, 

Ni, Co, and Mn at 55.5, 779.8, 642.0 and 854.2 eV, are corresponding to 
Liþ, Ni2þ, Co3þ, and Mn4þ, respectively. The Li 1s (Fig. 2c) peaks at 54.2 
and 55.5 eV agrees well with the reported data for metallic lithium and 
the formation of Liþ [38]. For Mn, Ni, and Co, containing multiplet 
peaks, their 2p peaks were fitted with 2:1 area ratio between the 2p3/2 
and 2p1/2. Fig. 2h–j shows the Ni, Co, Mn 2p3/2/2p1/2 spin orbit doublet 
components. It is noticeable that two dominant peaks of Ni 2p locate at 
854.4 and 871.5 eV (with spin-orbital splitting of ~17.1 eV), which 

Fig. 2. Physical characterization of the synthesized Sph-Ox and Sph-Ox-S: (a–b) SEM images at different magnifications, (c–f) SEM image of Sph-Ox and corre-
sponding EDS mapping on elements Ni, Co, and Mn, (g–j) XPS spectra of the above element plus Li, (k–m) SEM image of the sample after loaded S and EDS mapping, 
(n) XRD pattern of the composite. Scale bars: 20 μm (a), 5 μm (b), 8 μm (c–f), and 10 μm (k–m). 
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represent the Ni2þ cations [39]. While the two less dominant shake-up 
peaks can be assigned to Ni2þ at 860.7 and 879 eV. Meanwhile, the 
lower doublet components at 856.1, 862.4, 873.5, and 881.3 eV show 
the higher oxidation state of Ni3þ. Different from Ni, the 2p spectrum of 
Co has only one pair of major peaks at 780.1 and 795.0 eV, representing 
2p3/2 and 2p1/2 with a spin-orbital splitting of 14.9 eV. Two weak peaks 
at 781.6 and 796.5 eV can be assigned to Co4þ to confirmed its coexis-
tence. Note that there is a shake-up satellite peak at 789.6 eV, which 
indicates the coexistence of Co3þ cations [40]. Similarly, the major pair 
peaks of Mn located at 642.3 eV (2p3/2) and 653.5 eV (2p1/2) has a 
separation of 11.4 eV, which correspond to Mn4þ cation. More than that, 
the lower oxidation state of Mn3þ also exists (644.3 and 655.1 eV) plus a 
small Auger peak at 648.1 eV. The XPS results about S (Fig. S3) and 
Li-NCM oxides (Fig. 2g) are consistent with the standard PDF card. The 
strong characteristic peaks indicate highly crystalline S and LiNi0.33-

Co0.33Mn0.33O2 were formed. To sum up, the tubular carbon backbones 
and the well-distributed oxides were studied. They may accommodate 
the volume expansion and may provide large reactive sites for the 
complex Li–S electrochemical reactions. 

2.3. Electrochemical measurements 

To prove the above assumptions, the electrochemical properties of 
the electrodes were evaluated. Coin-cell battery was assembled with 
high S content of 79.8 wt% (Fig. S4). Fig. 3a shows the first 10 cycles of 
cyclic voltammetry (CV) with two cathodic peaks located at 2.29 and 
1.94 V. The former peak corresponds to the formation of long-chain 
LiPSs (Li2Sx, x ¼ 4–8) and the later one is for the conversion of long- 
chain to short-chain LiPSs (Li2S2, Li2S) [41]. Two slightly separated 
anodic peaks at 2.37 and 2.42 V correspond to the reverse conversion 
from polysulfides to Li2S8 [42]. [43] Sph-Ox-S enables slightly reduction 
in voltage polarization of 32, 38, and 18 mV for peak I–III in comparison 
with (Fig. S5). The discharge peaks of Sph-Ox-S are more prominent and 
the Sph-S charge peaks are overlapped, which indicates favorable Li 

bonds are formed and prompt the reaction kinetics [44]. 
Moreover, it is found that the curves shift from the initial scan by a 

voltage gap around 0.02 V and the later curves show high stability in 
shape and size. To reveal the cause of instability of the initial cycle, 
galvanostatic charge-discharge was performed at 0.2C (Fig. 3b). The 
discharging curve consists of a steep and a flat plateau while the 
charging curve has a slightly inclined and a flat plateau, which is 
consistent with the two distinct discharge peaks and two partially 
overlapping anodic peaks of CV. However, it is worthy of mention that 
there is a V-shape over potential (up to 0.23 V) in the flat plateau during 
early cycles (1st to 10th). Similar result was observed in a S filled hollow 
tubular composite at increasing discharge rates. This is probably due to 
the S chunk which filled in the tubes/pores which hindered the Liþ-S 
reaction on the surface [45]. Yet after several activation cycles, the 
as-synthesized LiPSs were effectively captured by the Li-NCM oxides for 
their high binding energy (Fig. 5), plus the hollow structure can restrain 
the loss of LiPSs and alleviate S expansion. Since the S and LiPSs were 
confined by the Li-NCM to form an equilibrium, the charge-discharge 
plateau was eventually stabilized and a high capacity system with 
long cyclic performance was achieved. 

In the cycling test of Sph-Ox-S and the Sph-S without Li-NCM oxides 
(Fig. 3c), a relatively low initial discharge capacity of 880 mA h g� 1 and 
poor columbic efficiency of 77% was delivered, which agrees with the 
above discussion. After the activation cycles, the specific capacity 
recovered quickly to 1040 mA h g� 1 with columbic efficiency of almost 
100% at 0.2 C at high mass loading of 3.4 mg cm� 2 (with electrolyte/ 
sulfur ratio of 12 μL mg� 1). The cell still maintains a discharge capacity 
of ~700 mA h g� 1 after 300 cycles, indicating a long cycling stability 
with 0.1% capacity loss per cycle. In comparison, while the control 
group can also deliver high specific capacity and columbic efficiency in 
the beginning, there is significant shuttle effect which is severely 
undermining the cycling performance without the protective Li-NCM 
oxides. Capacity quickly drops to less than 300 mA h g� 1 after 300 cy-
cles. Unlike the smooth profile of Sph-S, a slightly rough curve was 

Fig. 3. (a) CV of the Sph-Ox-S composite of the first ten cycles at a scan rate of 0.1 mV s� 1 within 1.6–2.8 V versus Li/Liþ. (b) Galvanostatic charge–discharge profiles 
at 0.2C for up to 40 cycles. (c) Cycling performance and Coulombic efficiency of the composite and control at 0.2C for 300 cycles. (d) Nyquist plots of the Sph-Ox-S 
electrodes at different cycles from 100 kHz to 0.01 Hz. 
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shown probably due to the strong binding between Li-NCM oxides and 
LiPSs [46,47]. 

Cycling test under 0.1C rate was also performed to show the ad-
vantages of the Sph-Ox-S electrode (Figs. S6a and b). Overwhelm the 
33% capacity retention of the control after 100 cycles, a high specific 
capacity of 1320 mA h g� 1 with 68% capacity retention was achieved. 
Rate capability of the Sph-Ox-S cathode was tested by increasing the 
charge/discharge current density from 0.1 to 1C and then back to 0.5C 
every five cycles (Fig. S7). The discharge capacities at 0.1, 0.2, 0.5, and 
1C (1C ¼ 1675 mA g� 1) are 1335, 1050, 705, and 420 mA h g� 1, 
respectively, which indicating an overall decent performance. Note that 
the Li-NCM oxides without S loading has a charge plateau around 3.62 V 
(Fig. S8) which is far off the charge-discharge window (1.7 V–2.7 V). The 
Liþ insertion brings charge capacity to some extent, yet the capacity 
retention is as low as 62%, indicating a poor cyclic performance. 
Furthermore, the specific capacity of Sph-Ox under same condition is 
only 63 mA h g� 1 (account for 1.19% capacity of the whole electrode) 
with rapidly decrease (Fig. S9) and thus its contribution is out of 
account. 

The stable tubular structure also realizes fast electro-transfer kinetics 
by providing a conductive network. This is further supported by the 
electrochemical impedance spectroscopy (EIS) Nyquist plot after 
different charge-discharge cycles in Fig. 3d (inset is the magnified 
curves). The plot of fresh cell clearly starts with a single dot in the higher 
frequency over 10 kHz, which represents the resistance of electrolyte 
about 2.2 Ω (Re in the proposed equivalent circuit model [48], Fig. S10). 
In high frequency region, there is an obvious semicircle related to the 
interphase resistance, which simulates the process of electron transfer 
from the current collector to Sph-Ox (Rint//CPEint). As to the middle 
frequency, a flat semicircle shows in the fresh cell correlates to the 

charge-transfer resistance, which reflects the electrochemical processes 
between the Li-NCM oxide/S and the LiPSs/electrolyte (Rct//CPEdl). In 
Fig. 3d inset, Rint//CPEint decreased from 10.1 to 6.4 Ω and the semi-
circle of Rct//CPEdl become unapparent after 10 cycles. These findings 
agree well with the CV and charge-discharge analysis due to the fact that 
deeply embedded S was not fully participated in the formation of LiPSs. 
Therefore, the resistance from current collector to surface was reduced 
due to the transformation from bulk S to LiPSs. More than that, 
Rct//CPEdl is nearly diminished since the affinitive binding between 
Sph-Ox and LiPSs after the initial activation cycling. In the low fre-
quency, the plots end with inclined lines, which is similar to previous 
result [49]. Overall, the long-cycling performance suggests the volume 
expansion was accommodated by the carbon-backbones and the 
embedded Li-NCM oxide nanoparticles shows significant relief toward 
LiPSs shuttling. 

2.4. Chemical & Physical dual-encapsulation of LiPSs 

To further study the chemical encapsulation of Li-NCM nano-
particles, the reactions of Sph-Ox and LiPSs were studied via XPS mea-
surement of S 2p peaks of the initial and 10th discharge (Fig. 4a and b). 
Li2S4 was used as the representative polysulfide (preparation in SI). The 
S 2p doublet 2p3/2 and 2p1/2 peaks were fit using equal full width at half 
maximum (FWHM), with a 2:1 area ratio. Only the S2p3/2/2p1/2 spin 
orbit component with lower binding energies are discussed. There are 4 
sets of doublet peaks with binding energy at 162.7, 164.2, 168.2, and 
169.4 eV in the highly resolved XPS spectrum of the electrode after 
initial discharge. The corresponding peaks of the cycled electrode shift 
to lower positions at 162.7, 164.2, 167.8, and 168.7 eV. Based on 
analysis of the previous publications [35,50–52], the I peaks can be 

Fig. 4. High-resolution XPS S 2p spectra of Sph-Ox-S (a) after initial discharge, (b) after 10 cycles of charge-discharge, (c–f) Contact angle of the electrolyte on the 
surface of Sph, Sph-S, Sph-Ox, and Sph-Ox-S, (g) Ex situ adsorption test of pure Li2S4, Li2S4þSph, and Li2S4þSph-Ox, (h,i) BJH adsorption plot of pore volume vs. 
width of the Sph and Sph-Ox. 
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assigned to short-chain LiPSs and the II peaks are mainly from pure S. 
Since the electropositive Sph-Ox can induce a polarization of the elec-
trons away from S atoms to the oxides-LiPSs interface, the initial 
response of I and II peaks are more predominant due to incomplete re-
action and the disproportionation of intermediate LiPSs [53]. On the 
contrary, based on the decreased peaks intensities, cycled electrode 
shows good interaction between Sph-Ox and LiPSs plus a small ratio of 
unreacted S & short-chain LiPSs. The III and Ⅳ peaks between 167 and 
170 eV represent S in [SO3]2� and [SO4]2- ions, respectively. Moreover, 
their shift to lower energy suggesting an increased density of electron 
clouds from S which is consist with previous discussion. 

To directly demonstrate the physical interactions between the Sph- 
Ox and LiPSs, contact angle (CA) of typical electrolyte on the surface 
of pure sphagnum, Sph-S, Sph-Ox, and Sph-Ox-S were measured 
(Fig. 4c–f). It is obvious that CA of the above surface decreased from 
32.3� to 37.2�–4.5� and 7.2�, respectively, which indicates the Li-NCM 
oxides can largely improve the permeability with electrolyte at the 
interface. More than above, visually Li2S4 absorbing test was run on the 
same surface area of pure sphagnum and Sph-Ox. In Fig. 4g, the Sph-Ox 
can rapidly absorb most of the Li2S4 in 30 min while the sphagnum 
shows no sign of absorption even after 6 h. Corresponding electrodes 
were analyzed by surface area test with BJH and BET calculation. In the 
BJH pore volume vs. pore width curve, the carbonized sphagnum mainly 
consists micro-pores below 0.5 nm (Fig. 4h and i). However, the oxides 
decorated sphagnum shows increasing micro-pores which is created by 
the NOx decomposition and meso-pores from oxides particles based on 
our presumption. The pore-structure modification based on the 
absorption-desorption curves (Fig. S11) refined the interface contact 
even more with an increased specific surface area at 444 m2 g� 1. This 
hierarchical porous structure ensures highly efficient electrochemical 
reaction on the surface of well-distributed Li-NCM nanoparticles to 
promise exceptional LiPSs encapsulation performance. 

2.5. Computational calculations 

To fundamentally study the chemical LiPSs encapsulation of the 
relatively high entropy Li-NCM nanoparticles [54], density functional 
theory (DFT) calculations was performed. The interaction of various 
LiPSs from Li2S8 to Li2S with the Li-NCM (001) surface and S8 (001) 
surface as control were investigated [55]. The bonding energies (Ebind) 
of LiPSs with Sph-Ox were calculated as equation (2) (details in 

experimental section).50 

EbindðLi2SxÞ¼EðLi2Sx =MÞ � EðLi2SxÞ � EðMÞ (2)  

Ebind is the binding energy corresponds to a stable substrate–adsorbate 
system. M represents the Li-NCM or S8 which correlates to the Li2Sx/Li- 
NCM or Li2Sx/S8 interactions, respectively. Since the more negative Ebind 
values indicate more favorable adsorption and stronger bond formation, 
the absolute values of Ebind (equals to -Ebind) were discussed instead of 
Ebind for clarity. Fig. 5 shows the geometrical configurations of the most 
stable states of each substrate–adsorbate systems and the plot of corre-
sponding binding energies. The early stage long-chain LiPSs show very 
low -Ebind (Li2S8 ¼ 0.17 eV, Li2S6 ¼ 0.13 eV) on the surface of S8. The 
weak adsorption is mainly originated from interactions between the 
terminal S atoms from the opened S8 ring and the Li. As the lithiation 
preceding, the Li2S4, Li2S2, and Li2S show increasing -Ebind from 0.41 eV 
to 0.8 eV. It is due to the short-chain LiPSs have strong interactions with 
S8. On the other hand, the Li2S8 and Li2S6 are absorbed on the surface of 
Li-NCM with -Ebind of 1.45 and 1.92 eV, respectively. They are around 10 
times higher than that of -Ebind (Li2Sx/S8) for the double interactions of S 
¼O and Li–O chemical bonds. When S is fully lithiated to Li2S, it leads to 
even higher binding energy at 3.47 eV. That owes to the tendency of 
LiPSs to decompose and form new S––O and Li–O bonds on the Li-NCM 
surface. This further demonstrates that the soluble short-chain LiPSs 
tend to be absorbed on the surface of Li-NCM oxides imbedded in the 
micro-/meso-pores instead of the bulk S. Moreover, fundamental study 
shows the optimal binding energy for LiPSs absorption is around 2.0 eV 
[56]. This computation result agrees well with the electrochemical tests 
and XPS analysis that Li-NCM oxides can efficiently anchors the Li2Sx to 
relief the dissolve/shuttle effect by forming strong bonds. 

2.6. Environmental analysis 

High energy-consuming industries contribute to the imbalance of 
current ecosystems. In analyzing their impact, modern environ-
mentology emphasizes the GHG emission instead of the energy 
consumed. Therefore, it is reasonable to convert energy to GHG (on the 
basis of CO2) [57,58]. Fig. 6 shows the comparison of routes of regular 

Fig. 5. Computational calculation of binding energies of Li2S8, Li2S6, Li2S4, 
Li2S2, and Li2S onto the surface of Li-NCM oxide. 

Fig. 6. Processes with GHG emission (CO2, in terms of energy consumption) of 
regular LIBs recycling routes and ours. 
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LIBs recycling and our technique (data processing details in SI). In 
current recycling, the extra filtration and precipitation processes will 
increase the GHG emission. Moreover, it is required the addition of 
valuable metal ions in order to balance the ratio. However, the loaded S 
has high reserve and only emit 8% compare to the metal from the aspect 
of GHG. Among the flow chart, the high-temperature calcination is one 
of the most energy-intensive step. The calcination parameters employed 
by previous methods cost 230% energy compare to ours [59–66]. 
Furthermore, our technique utilizes photosynthesis of sphagnum to 
fixate CO2 and uptake Li-NCM ions naturally. Studies shows that 1 m2 

sphagnum moss can consume 1810 g CO2 per year in average [67,68]. 
That is a remarkable positiveness for GHG reduction. Eventually, our 
eco-friendly recycling technique only produces about 33% of the GHG 
compare to other techniques. Considering the CO2 fixation, our route 
may achieve a total � 0.25 kg CO2 -eq per kg cathode while exhibiting a 
specific capacity 230% higher compare to one of the best Li-NCM 
ternary cathode (560 vs.170 mA h g� 1, considering the cathode mass 
without binder and additives) after 300 charge-discharge cycles. 

3. Conclusions 

In summary, a facial spent LIBs recycling technique has been 
demonstrated for rational design of hierarchical porous strictures. It can 
overcome the problems of ternary LIBs recycling and then exploit them 
for Li–S battery enhancing. As-prepared cathode can both structurally 
accommodate the volume expansion and chemically relief the shuttle 
effect. Overall, our technique cost only 33% energy intensity and pro-
duces cell with 230% higher specific capacitance compare to other LIBs 
recycling methods. The areal capacity of our cell also excels other works 
based on biomass precursors including S content and number of cycles 
(Fig. S15). Considering the carbon fixation of sphagnum, this route may 
achieve negative GHG emission which shows superiority in the long- 
term climate change. This study establishes an applicable route which 
may replace current LIBs recycling techniques with negative GHG 
emission. Furthermore, this route may be applied to the synthesis of high 
entropy transition-metal-based oxide in diverse technologies including 
batteries, supercapacitors, fuel cells, and catalysis. 

Declaration of competing interest 

There are no conflicts to declare. 

Acknowledgements 

Dedicated to the 100th anniversary of Nankai University. The au-
thors gratefully acknowledge the financial support from Ministry of 
Science and Technology of China (MoST, 2016YFA0200200), the Na-
tional Natural Science Foundation of China (NSFC, 21421001, 
51633002, and 21671176), Tianjin city (16ZXCLGX00100) and 111 
Project (B12015). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nanoen.2019.104216. 

References 

[1] T. Nagaura, K. Tazawa, Progr. Batteries Solar Cells 9 (1990) 209. 
[2] C. Pillot, The Rechargeable Battery Market and Main Trends 2016 – 2025, 

Avicenne Energy (2018). http://www.avicenne.com/articles_energy.php. 
[3] A. Freedman, J. Samenow, The Washington Post, 2019. 
[4] Y. Nishi, Electrochem. Soc. Inter. 25 (2016) 71–74. 
[5] J. Tarascon, M. Armand, Nature 414 (2001) 359–367. 
[6] G. Liu, M. Li, N. Wu, L. Cui, X. Huang, X. Liu, Y. Zhao, H. Chen, W. Yuan, Y. Bai, 

J. Electrochem. Soc. 165 (2018) A3040–A3047. 
[7] N. Wu, H. Wu, J.K. Kim, X. Liu, Y. Zhang, ChemElectroChem 5 (2018) 78–83. 

[8] J. Heelan, E. Gratz, Z. Zheng, Q. Wang, M. Chen, D. Apelian, Y. Wang, J. Occup. 
Med. 68 (2016) 2632–2638. 

[9] K. O’Farrell, R. Veit, D. Vard, Sustainable Resource Use Pty Ltd, 2014. 
[10] D. Dutta, A. Kumari, R. Panda, S. Jha, D. Gupta, S. Goel, M.K. Jha, Separ. Purif. 

Technol. 200 (2018) 327–334. 
[11] X. Wang, G. Gaustad, C.W. Babbitt, C. Bailey, M.J. Ganter, B.J. Landi, J. Environ. 

Manag. 135 (2014) 126–134. 
[12] Y. Shi, G. Chen, Z. Chen, Green Chem. 20 (2018) 851–862. 
[13] P. Zhang, T. Yokoyama, O. Itabashi, T.M. Suzuki, K. Inoue, Hydrometallurgy 47 

(1998) 259–271. 
[14] J. Dewulf, G. Van der Vorst, K. Denturck, H. Van Langenhove, W. Ghyoot, 

J. Tytgat, K. Vandeputte, Resour. Conserv. Recycl. 54 (2010) 229–234. 
[15] J. Hu, J. Zhang, H. Li, Y. Chen, C. Wang, J. Power Sources 351 (2017) 192–199. 
[16] W. Lv, Z. Wang, H. Cao, Y. Sun, Y. Zhang, Z. Sun, ACS Sustain. Chem. Eng. 6 (2018) 

1504–1521. 
[17] P.G. Bruce, S.A. Freunberger, L.J. Hardwick, J.M. Tarascon, Nat. Mater. 11 (2012) 

19. 
[18] X. Ji, L.F. Nazar, J. Mater. Chem. 20 (2010) 9821–9826. 
[19] S. Lu, Y. Cheng, X. Wu, J. Liu, Nano Lett. 13 (2013) 2485–2489. 
[20] H. Wang, Y. Yang, Y. Liang, J.T. Robinson, Y. Li, A. Jackson, Y. Cui, H. Dai, Nano 

Lett. 11 (2011) 2644–2647. 
[21] G. Zhou, S. Pei, L. Li, D.W. Wang, S. Wang, K. Huang, L.C. Yin, F. Li, H.M. Cheng, 

Adv. Mater. 26 (2014) 625–631. 
[22] G. Hu, C. Xu, Z. Sun, S. Wang, H.M. Cheng, F. Li, W. Ren, Adv. Mater. 28 (2016) 

1603–1609. 
[23] N. Jayaprakash, J. Shen, S.S. Moganty, A. Corona, L.A. Archer, Angew. Chem. Int. 

Ed. 50 (2011) 5904–5908. 
[24] G. Zheng, Q. Zhang, J.J. Cha, Y. Yang, W. Li, Z.W. Seh, Y. Cui, Nano Lett. 13 (2013) 

1265–1270. 
[25] Q. Pang, X. Liang, C.Y. Kwok, L.F. Nazar, Nat. Energy 1 (2016) 16132. 
[26] L. Ji, M. Rao, H. Zheng, L. Zhang, Y. Li, W. Duan, J. Guo, E.J. Cairns, Y. Zhang, 

J. Am. Chem. Soc. 133 (2011) 18522–18525. 
[27] Y. Qiu, W. Li, W. Zhao, G. Li, Y. Hou, M. Liu, L. Zhou, F. Ye, H. Li, Z. Wei, Nano 

Lett. 14 (2014) 4821–4827. 
[28] Z. Sun, J. Zhang, L. Yin, G. Hu, R. Fang, H.M. Cheng, F. Li, Nat. Commun. 8 (2017) 

14627. 
[29] Z. Yuan, H.J. Peng, T.Z. Hou, J.Q. Huang, C.M. Chen, D.W. Wang, X.B. Cheng, 

F. Wei, Q. Zhang, Nano Lett. 16 (2016) 519–527. 
[30] J. Xu, T. Lawson, H. Fan, D. Su, G. Wang, Adv. Energy Mater. 8 (2018) 1702607. 
[31] X. Liang, A. Garsuch, L.F. Nazar, Angew. Chem. Int. Ed. 54 (2015) 3907–3911. 
[32] R. Carter, L. Oakes, N. Muralidharan, A.P. Cohn, A. Douglas, C.L. Pint, ACS Appl. 

Mater. Interfaces 9 (2017) 7185–7192. 
[33] C. Zheng, S. Niu, W. Lv, G. Zhou, J. Li, S. Fan, Y. Deng, Z. Pan, B. Li, F. Kang, Nano 

Energy 33 (2017) 306–312. 
[34] C. Yao, F. Li, X. Li, D. Xia, J. Mater. Chem. 22 (2012) 16560–16565. 
[35] X. Liang, C. Hart, Q. Pang, A. Garsuch, T. Weiss, L.F. Nazar, Nat. Commun. 6 

(2015) 5682. 
[36] A. Gonz�alez, O. Pokrovsky, J. Colloid Interface Sci. 415 (2014) 169–178. 
[37] R.H. Crist, J.R. Martin, J. Chonko, D.R. Crist, Environ. Sci. Technol. 30 (1996) 

2456–2461. 
[38] J. Contour, A. Salesse, M. Froment, M. Garreau, J. Thevenin, D. Warin, J. Microsc. 

Spectrosc. Electron. 4 (1979) 483–491. 
[39] K. Amine, H. Tukamoto, H. Yasuda, Y. Fujita, J. Electrochem. Soc. 143 (1996) 

1607–1613. 
[40] W. Wei, W. Chen, D.G. Ivey, Chem. Mater. 20 (2008) 1941–1947. 
[41] Y. Jung, S. Kim, Electrochem. Commun. 9 (2007) 249–254. 
[42] Y.X. Yin, S. Xin, Y.G. Guo, L.J. Wan, Angew. Chem. Int. Ed. 52 (2013) 

13186–13200. 
[43] Y.S. Su, A. Manthiram, Nat. Commun. 3 (2012) 1166. 
[44] T.Z. Hou, W.T. Xu, X. Chen, H.J. Peng, J.Q. Huang, Q. Zhang, Angew. Chem. Int. 

Ed. 56 (2017) 8178–8182. 
[45] Z. Li, J. Zhang, X.W. Lou, Angew. Chem. Int. Ed. 54 (2015) 12886–12890. 
[46] J. Yan, X. Liu, B. Li, Adv. Sci. 3 (2016) 1600101. 
[47] G. Xu, A. Kushima, J. Yuan, H. Dou, W. Xue, X. Zhang, X. Yan, J. Li, Energy 

Environ. Sci. 10 (2017) 2544–2551. 
[48] Z. Deng, Z. Zhang, Y. Lai, J. Liu, J. Li, Y. Liu, J. Electrochem. Soc. 160 (2013) 

A553–A558. 
[49] X. Yang, L. Zhang, F. Zhang, Y. Huang, Y. Chen, ACS Nano 8 (2014) 5208–5215. 
[50] Q. Pang, D. Kundu, M. Cuisinier, L. Nazar, Nat. Commun. 5 (2014) 4759. 
[51] X. Wang, G. Li, J. Li, Y. Zhang, A. Wook, A. Yu, Z. Chen, Energy Environ. Sci. 9 

(2016) 2533–2538. 
[52] Z. Sun, L. Xu, C. Dong, H. Zhang, M. Zhang, Y. Ma, Y. Liu, Z. Li, Y. Zhou, Y. Han, 

Y. Chen, Nano Energy 63 (2019) 103887. 
[53] M. Cuisinier, P.E. Cabelguen, S. Evers, G. He, M. Kolbeck, A. Garsuch, T. Bolin, 

M. Balasubramanian, L.F. Nazar, J. Phys. Chem. Lett. 4 (2013) 3227–3232. 
[54] C.M. Rost, E. Sachet, T. Borman, A. Moballegh, E.C. Dickey, D. Hou, J.L. Jones, 

S. Curtarolo, J.P. Maria, Nat. Commun. 6 (2015) 8485. 
[55] B. Wang, S.M. Alhassan, S.T. Pantelides, Phys. Rev. Appl. 2 (2014), 034004. 
[56] Q. Zhang, Y. Wang, Z.W. Seh, Z. Fu, R. Zhang, Y. Cui, Nano Lett. 15 (2015) 

3780–3786. 
[57] J.B. Dunn, C. James, L.G. Gaines, K. Gallagher, ANL (2014). https://greet.es.anl. 

gov/publication-update_bom_cm. 
[58] J. Dunn, L. Gaines, J. Kelly, C. James, K. Gallagher, Energy Environ. Sci. 8 (2015) 

158–168. 
[59] S. Castillo, F. Ansart, C.L. Robert, J. Portal, J. Power Sources 112 (2002) 247–254. 
[60] J.F. Paulino, N.G. Busnardo, J.C. Afonso, J. Hazard Mater. 150 (2008) 843–849. 

Y. Liu et al.                                                                                                                                                                                                                                      

https://www.sciencedirect.com/science/article/pii/S2211285519305932
https://doi.org/10.1016/j.nanoen.2019.104216
https://doi.org/10.1016/j.nanoen.2019.104216
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref1
http://www.avicenne.com/articles_energy.php
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref3
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref4
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref5
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref6
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref6
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref7
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref8
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref8
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref9
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref10
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref10
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref11
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref11
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref12
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref13
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref13
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref14
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref14
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref15
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref16
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref16
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref17
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref17
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref18
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref19
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref20
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref20
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref21
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref21
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref22
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref22
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref23
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref23
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref24
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref24
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref25
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref26
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref26
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref27
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref27
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref28
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref28
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref29
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref29
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref30
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref31
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref32
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref32
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref33
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref33
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref34
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref35
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref35
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref36
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref37
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref37
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref38
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref38
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref39
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref39
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref40
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref41
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref42
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref42
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref43
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref44
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref44
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref45
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref46
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref47
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref47
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref48
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref48
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref49
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref50
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref51
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref51
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref52
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref52
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref53
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref53
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref54
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref54
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref55
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref56
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref56
https://greet.es.anl.gov/publication-update_bom_cm
https://greet.es.anl.gov/publication-update_bom_cm
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref58
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref58
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref59
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref60


Nano Energy 67 (2020) 104216

8

[61] H. Zou, E. Gratz, D. Apelian, Y. Wang, Green Chem. 15 (2013) 1183–1191. 
[62] L.P. He, S.Y. Sun, Y.Y. Mu, X.F. Song, J.G. Yu, ACS Sustain. Chem. Eng. 5 (2017) 

714–721. 
[63] L. Li, Y. Bian, X. Zhang, Y. Guan, E. Fan, F. Wu, R. Chen, Waste Manag. 71 (2018) 

362–371. 
[64] D. Liu, Z. Wang, L. Chen, Electrochim. Acta 51 (2006) 4199–4203. 
[65] J. Nan, D. Han, X. Zuo, J. Power Sources 152 (2005) 278–284. 
[66] L. Li, E. Fan, Y. Guan, X. Zhang, Q. Xue, L. Wei, F. Wu, R. Chen, ACS Sustain. Chem. 

Eng. 5 (2017) 5224–5233. 
[67] E. Fukuta, A. Sasaki, T. Nakatsubo, Plant Species Biol. 27 (2012) 110–118. 
[68] P. McNeil, J.M. Waddington, J. Appl. Ecol. 40 (2003) 354–367.  

Yiyang Liu got his master’s degree from the Physics depart-
ment of Arizona State University in 2013, with Prof. Michael 
O’Connell as the advisor. In University of North Carolina at 
Greensboro, he accomplished the Ph.D. work in 2017. 
Currently, he joined Zhengzhou University to extend his 
research on carbon-based nanomaterials and their applications.  

Zhen Ge graduated from Nankai University with a Ph.D. degree 
in materials physics and chemistry in 2019 and then joined 
Nankai University for his postdoctoral studies. His research 
interests mainly focus on graphene composites, porous mate-
rials and energy storage.  

Zhenhe Sun received his B.E. and B.S. degree from the Mo-
lecular Science and Engineering department of Nankai Uni-
versity in 2015. He is currently studying for a doctoral degree in 
Prof. Yongsheng Chen’s Group. His research interests include 
the synthesis and modification of lithium-rich cathode mate-
rials and supercapacitors based on carbon materials.  

Caiqiao Dong is in the second year of postgraduate courses 
from the department of chemistry in Nankai University. She 
majors in Chemical Engineering currently. She received her B.S. 
degree (2017) from Hebei University of Engineering. Her 
research interest is the Computational Chemistry.  

Mingtao Zhang is a professor from the department of chem-
istry in Nankai University. He received his B.S. degree and Ph. 
D. degree from Nankai University in 1993, 2004, respectively. 
His research interests focus on Molecular Modeling as well as 
Cheminformatics and Computational Chemistry.  

Zhongjun Li is a Professor and Dean of the College of Chem-
istry in Zhengzhou University. He received his Ph.D. from 
Central South University. His research interests include: 1. 
Design and synthesis of Photocatalysts for CO2 Reduction; 2. 
Design and synthesis of photocatalysts for hydrogen production 
from water under light; 3. Lithium-air batteries\lithium sulfur 
batteries and other electrochemical energy storage\conversion 
materials.  

Prof. Yongsheng Chen graduated from the University of Vic-
toria with a Ph.D. degree in chemistry in 1997 and then joined 
the University of Kentucky and the University of California at 
Los Angeles for postdoctoral studies from 1997 to 1999. From 
2003, he has been a Chair Professor at Nankai University. His 
main research interests include: i) carbon-based nanomaterials, 
including carbon nanotubes and graphene; ii) organic and 
polymeric functional materials, and iii) energy devices 
including organic photovoltaics and supercapacitors. 

Y. Liu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S2211-2855(19)30923-1/sref61
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref62
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref62
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref63
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref63
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref64
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref65
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref66
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref66
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref67
http://refhub.elsevier.com/S2211-2855(19)30923-1/sref68

	A high-performance energy storage system from sphagnum uptake waste LIBs with negative greenhouse-gas emission
	1 Introduction
	2 Results and discussions
	2.1 Metal uptake mechanism of sphagnum
	2.2 Structural & Elemental characterizations
	2.3 Electrochemical measurements
	2.4 Chemical & Physical dual-encapsulation of LiPSs
	2.5 Computational calculations
	2.6 Environmental analysis

	3 Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


