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As lithium-ion batteries (LIBs) become vital energy source for daily life and industry applications, a large volume of spent LIBs 
will be produced after their lifespan. Recycling of LIBs has been considered as an effective closed-loop solution to mitigate both 
environmental and economic issues associated with spent LIBs. While reclaiming of transition metal elements from LIB cathodes 
has been well established, recycling of graphite anodes has been overlooked. Here, we show an effect upcycling method involving 
both healing and doping to directly regenerate spent graphite anodes. Specifically, using boric acid pretreatment and short 
annealing, our regeneration process not only heals the composition/structure defects of degraded graphite but also creates 
functional boron-doping on the surface of graphite particles, providing high electrochemical activity and excellent cycling stability. 
The efficient direct regeneration of spent graphite by using low cost, non-volatile and non-caustic boric acid with low annealing 
temperature provides a more promising direction for green and sustainable recycling of spent LIB anodes. 

 

Lithium-ion batteries (LIBs) have been extensively used as the 
power source for portable electronics and electric vehicles (EVs) 
because of their high energy density and long cycle life.1 It is 

projected that the global LIBs production will reach ∼440 GWh by 

2025, corresponding to a market value of ∼$100 billion USD.2 Since 
the typical life-span of LIBs is 3–10 years, a large amounts of LIBs 
will be retried in the near future.3 Like the global plastic waste issues 
we are facing today, if immediate actions were not taken, such 
battery wastes will pose grand challenge to our society. In this 
context, recycling is regarded as an effective closed-loop solution to 
mitigate environmental issues associated with inappropriate disposal 
of spent batteries and to recover valuable materials. 

Current commercial LIB recycling techniques, including hydro- 
metallurgical and pyrometallurgical processes, focus on reclaiming 
the metal elements (Li, Co, Ni, and Mn) contained in their cathodes.4 
However, the anode material (mainly graphite), which accounts for 
up to 20% of the total weight of a typical LIB cell,5 is either burned 
or landfilled.6 This non-ideal practice not only releases large 
amounts of greenhouse gasses, but also inefficiently processes a 
material that otherwise still holds the ability to provide electro- 
chemical energy, which is much more efficient than combustion. 
Industry does not currently practice graphite cycling partially due to 
its relatively low cost (6 ∼ 10 $ kg−1) compared to transition metal 

oxide cathode(e.g., ∼20 $ kg−1 for LiNi0.5Co0.2Mn0.3O2).7 A 
sustainable process for anode recycling that maximizes the overall 
value with minimal operating cost is highly desired. 

Generally, the capacity degradation of LIBs is mainly attributed 
to the loss of Li inventory with some structure changes, which are 

 

 
 

 

resulted from the formation of solid-electrolyte interphase (SEI) on 
the surface of graphite particle, chemical destruction of cathode 
materials and mechanical failure due to repeated volume changes in 
both electrodes.8 Notably, in spite of capacity degradation from 
spent graphite anodes, their morphology and bulk structure are often 
maintained.9–12 Some prior efforts have been made to rejuvenate 
spent graphite electrodes through the removal of SEI using strong 
caustic acids (e.g., HCl, H2SO4) followed by high-temperature 
annealing.13–15 However, the use of strong acids poses a secondary 
pollution concern. In addition, even with using extremely high 

annealing temperature (e.g., >1500 °C), the capacity of recycled 
graphite remained inferior to the pristine ones,15,16 making them 
inappropriate for making high quality new cells. 

Herein, we report a direct regeneration approach by completely 
healing the surface and bulk defects of spent graphite particles. An 
in situ formed boron (B) based surface coating further improves the 
thermal and electrochemical stability of the regenerated graphite and 
restricts the surface area, leading to the high Li-storage capacity and 
excellent cycling stability. Combining advanced microscopic and 
spectroscopic techniques, we discovered that although thermal 
annealing after removing SEI may resume the majority of the 
capacity of spent graphite, the residual Li trapped in the bulk of 
graphite particles cannot be completely removed by such a conven- 
tional process. The remaining composition defects and the increased 
surface area of graphite particles are likely responsible for the 
performance gap between pristine graphite and the recycled ones 
using common approaches. We further showed that using a 
pretreatment with boric acid solution followed by a short annealing 
at moderate temperature, the residual Li trapped in the bulk of 
graphite particles can be completely removed. The use of non- 
volatile and non-toxic boric acid in the recycling process shows 
significant  advantage  over  other  caustic  acids  such  as  HCl  and 
H2SO4. Compared  with  previous  approaches,  this  new recycling 
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surface, which are responsible for the high electrochemical perfor- 
mance and excellent cycling stability. This study provides greener 
and more efficient route for sustainable recycling of spent LIB 
anodes to reach the quality of pristine high-performance graphite. 

 

Materials and Methods 

Anode material harvesting.—Degraded graphite powder from 

cycled LIB anode was harvested from a spent pouch cell (General 
Motor’s Chevrolet Volt EV cell, 20Ah). After manual disassem- 
bling, the anode strips were rinsed with dimethyl carbonate (DMC) 
before the graphite powder was scrapped from the copper current 
collector. The collected graphite powder (C-Graphite) was further 
washed with a small amount of N-methyl-2-pyrrolidone (NMP) 
under stirring and mild heating (80 °C) for 5 h to dissolve the 
polyvinylidene fluoride (PVDF) binder and separate carbon black 
conductive agent. After centrifuging at 3500 rpm for 5 min, the C- 
Graphite precipitation was then washed with distilled water. The 
black powder collected from a second centrifuging was dried under 
vacuum at 80 °C for 12 h. The obtained graphite was designated as 
washed graphite (W-Graphite). 

 

Graphite regeneration.—The graphite regeneration was con- 

ducted by treating the W-Graphite in a boric acid solution followed 
by short thermal annealing. Briefly, the 1 g of W-Graphite was 
dispersed in a 2 ml of 5 wt.% boric acid solution, which was then 
dried under at 80 °C for 12 h. The dried graphite was then sintered in 
a nitrogen atmosphere for 1 h at 750 °C (B-750C-Graphite), 850 °C 
(B-850C-Graphite), 950 °C (B-950C-Graphite), and 1050 °C (B- 
1050C-Graphite), respectively. For comparison, W-Graphite was 
also sintered without any coating or doping, which was designated as 
sintered graphite (S-Graphite). These samples were sinteredat 750 ° 
C (S-750C-Graphite), 850 °C (S-850C-Graphite), 950 °C (S-950C- 
Graphite), and 1050 °C (S-1050C-Graphite) for 1 h, respectively. 

 

Materials characterization.—The morphology of the graphite 

particles was characterized using SEM imaging (FEI XL30). The 
crystal structure of the powders was examined by XRD on a Bruker 

D2 Phaser diffractometer (Cu Kα radiation, λ = 1.5406 Å). The 
XPS measurement was performed with Kratos AXIS Ultra DLD 
with Al Kα radiation to detect the elemental valence states. Specific 
surface areas of the samples were measured using the BET method 
with an Autosorb IQ, Quantachrome ASIQM. STEM-EDS mapping 
was performed on primary particles using a JEOL JEM-2800 at 
annular dark field (ADF) mode. All ADF images were acquired at 

200 kV with a beam size of ≈5 Å. STEM-EELS was performed on 

JEOL JEM-ARM300CF at 300 kV, equipped with double correctors. 
To   minimize   possible   electron   beam  irradiation   effects, EELS 
spectra were acquired from areas without pre-beam irradiation. 

 

Electrochemical characterization.—Graphite electrodes were 

prepared by mixing different graphite  samples,  PVDF, and Super   
P with a weight  ratio of 8:1:1 in NMP solvent under stirring for    
90 min to obtain a homogenous slurry, which was then cast onto a 
12 μm thick copper foil followed by vacuum drying at 120 °C for    
6 h. The electrodes were cut into 12 mm diameter discs, calendered, 
then assembled into half cells with lithium metal as counter electrode 
and LP40 electrolyte (1 M LiPF6 in EC/DEC). Typical mass loading 
of graphite electrodes was controlled at ∼5 mg cm−2. The half-cell 
cycling was carried out by constant current charging and discharging 

were harvested from the anodes following the procedure described in 
the experimental section. The collected spent graphite powders 
(denoted as “C-Graphite”) were subject to different regeneration 
processes, including washed with N-Methyl-2-pyrrolidone (NMP) 
and water (denoted as “W-Graphite”), sintering after prior washing 
(denoted as “S-Graphite”), and washed with boric acid solution 
followed by short sintering (denoted as “B-Graphite”). 

First, scanning electron microscopy (SEM) imaging was applied 
to characterize the morphology of C-, W-, S- and B-Graphite. 
Figures 1a–1d show the SEM images of the four samples with 
different magnifications. Generally, all the samples exhibited irre- 
gular cobblestone-like shapes, typical synthetic graphite, with sizes 
ranging from 10 to 30 um, which indicates that the spent graphite did 
not undergo considerable morphological changes after cell cycling 
and any regenerative processing. As displayed in Fig. 1c, some 
bright spots could be observed on the surface of S-graphite, which 
might be associated to the decomposition products of the residual 
SEI. However, the B-Graphite shows a clean surface, which implies 
that the SEI was completely removed by the boric acid and 
following short annealing. 

The crystal structure of cycled and regenerated graphite materials 
was further examined by X-ray diffraction (XRD) (Fig. 1e). It should 
be noted that the C-Graphite still displayed typical diffraction peaks 
of highly ordered graphite with the hexagonal crystal structure 
(JCPDS#75–2078), which suggests the promise of a direct regenera- 
tion approach for the spent graphite. Besides, no characteristic peaks 
from potential impurities (e.g., binder, conductive agent, copper 
from current collector, or SEI components) were observed. The 
crystallinity of graphite after sintering (S-Graphite and B-Graphite) 
was notably enhanced, which is reflected from the reduced peak 
broadening (full width half maximum, FWHM) in Table I. From the 
enlarged view of the (002) peak, a left shift for C-, W- and S- 
Graphite was observed. After treatment by boric acid solution 
followed by short annealing, the peak shifted back to the location 
similar to the pristine sample. According to the Bragg equation (2d 

sinθ = nλ),17,18 the interlayer distances for (002) plane (d002) can be 
determined (Table I). It was found that the d002 of C-Graphite  
(3.359 Å) is slightly larger than the standard value (3.350 Å) of 
typical graphite,19 which may be resulted from the residual Li 
between the graphite layers after long-term cycling. The spacing of 
W-Graphite maintained 3.360 Å, which indicates that the residual Li 
cannot be fully removed by the simple washing step. After sintering, 
the d002 increased to 3.366 Å, implying the expansion of graphite 
interlayers in the heating process. This might be due to the 
conversion of the bulk Li to LiOH/Li2CO3 after washing step,20 
which decomposed and released H2O/CO2 during sintering, enlar- 
ging the interlayer spacing. By comparison, it was found that  the 
d002 of B-Graphite returned to 3.349 Å, which suggests that residual 
bulk Li has been largely extracted during the process. 

X-ray photoelectron spectroscopy (XPS) measurement was 
further performed to analyze the surface composition of the graphite 
materials. Figure S1 (available online at stacks.iop.org/JES/167/ 
160511/mmedia) depicts the survey spectra with the corresponding 
composition listed in Table SI. Specifically, 3.7 at.% of F and 4.2 at. 
% of Li were detected in the C-Graphite, which may be from binder 
(PVDF) and lithium salt (e.g., LiF) in SEI. The observation of 0.7 at. 
% of La in the graphite anode is probably from the cathode side (a 
mixture of LiMn2O4 and LiNi1-x-yMnxCoyO2), which is a common 
dopant  element  for  improving  stability  of  cathode materials.21–23 

at different rates from 0.01 to 1.5 V with a LANDT multi-channel    

battery cycler. Electrochemical impedance spectroscopy (EIS) tests 
were performed in the frequency range of 106 Hz to 10−3 Hz with a 
signal amplitude of 10 mV by using a Metrohm Autolab potentiostat. 

Table I. Physical parameters of (002) peaks of C-, W-, S- and 
B-Graphite. 

Sample Interlayer Distance (Å) FWHM (cm−1) 

Results and Discussion C-Graphite 3.359 0.277 

To demonstrate our recycling approach, spent pouch cells (20Ah W-Graphite 3.360 0.322 

per cell) from a General Motor’s Chevrolet Volt EV were disas- S-Graphite 3.366 0.238 

sembled in an argon-filled glovebox. Degraded graphite powders B-Graphite 3.349 0.240 
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Figure 1. SEM images (a) -(d) at different magnifications and XRD patterns (e) of C-, W-, S- and B-Graphite. 
 

After washing with NMP and distilled water, all the F, Li and Co 
signals were almost undetectable, indicating that the surface impurities 
associated with SEI products were removed. After annealing, no 
apparent change in composition was observed for S-Graphite. 
Notably, for the sample pretreated with boric acid followed by short 
annealing, 4.5 at.% of B coupled with 4.5 at.% of Li were detected on 
the surface of graphite particles, suggesting that the graphite surface 
was modified during the processing. The formation of B can be due to 
the existence of Li (in the form of LiOH, Li2CO3 etc.) with H3BO3, 
which will react in the following pathways.24–26 

The surface distribution of B and Li elements were further probed 
by scanning transmission electron microscopy (STEM) combined 
with energy dispersive X-ray spectroscopy (EDS). The high-angle 
annular dark-field STEM (HAADF-STEM) images and corre- 
sponding electron energy loss spectroscopy (EELS) elemental 
mapping of all the graphite samples were shown in Figs. 3a–3d. 
Besides C and Li element were observed in the C-graphite (Fig. 3a), 
the EDS elemental mapping also detected O, F, P, and S elements 
(Fig. S2). The presence of F and P are likely associated with residual 
SEI, and the presence of S may originate from electrolyte additives 
present in the original cell. It should be further noted that the residual 

3LiOH + H3BO3 → Li3BO3 + 3H2O 

 

Li2CO3 + 6H3BO3 → 2LiB3O5 + CO2 + 9H2O 

[1]   

 
[2] 

Li in the C-Graphite was quite significant, approaching an atomic 
fraction of 20% of the entire sample. Interestingly, from the uniform 
distribution of Li, it can be found that Li was not only present on the 
surface (surface-Li) but also within the bulk of the graphite particles 

Although  determining  the  exact  composition  can  be  difficult, local 
distribution of Li and B can be clearly identified (to be discussed later). 

High-resolution XPS spectra of the C1s, O1s, and B1s of C-, W-, 
S-, and B-Graphite are shown in Fig. 2. The C1s spectra of all the 
samples  were  fit  into  three  peaks  located  at  284.8,  285.9,  and 
289.9 eV, which are assigned to C–C/C=C, C–O, and C=O interac- 
tions, respectively (Fig. 2a).27 The O1s spectra (Fig. 2b) of the C-, W-, 
and B-Graphite show similar fitting peaks at 531.98 and 533.62 eV, 

corresponding to C=O and C–O, respectively. However, a small peak 
associated with Li2O (529.34 eV) was detected for S-Graphite, which 
is probably attributed to the decomposition of the remaining SEI.28 
This is consistent with the observed surface species in the SEM 
images (Fig. 1c) shown previously. Overall, the surface O content 
reduced from 7.5 at% (C-Graphite) to 2.4 at% for B-Graphite, while 
W- and S-Graphite still showed 8.6 at% and 6.1 at% of O, 
respectively. Finally, the fine spectra of B1s  were  compared  in Fig. 
2c, where the B-Graphite showed a peak located at 190.4 eV, which 
can be ascribed to B–C bond,29 further confirming that boron atoms 
are incorporated to the graphite during the regeneration processing. 
The B–C bond formation might originate from the carbon thermal 
reduction reaction of lithium boron oxides (LixByOz).30,31 

(bulk-Li). The surface-Li is commonly considered as a part of the 
residual SEI, which typically consists of an inner layer of inorganic 
Li compounds and an outer layer of organic Li compounds.32 The 
observation of a large amount of residual Li in the bulk of C-graphite 

is probably because some Li+ ions cannot be extracted out from the 

graphite interlayers due to kinetics restriction as well as dead Li+ 
irreversibly trapped in the structure defects such as turbostratic 
disorder, grain boundaries, unorganized carbons.33,34 It follows that 
when regenerating spent graphite materials, the bulk-Li must be 
removed completely to fully recover the electrochemical perfor- 
mance  of the material. As  shown  in the  Li elemental   mapping  in 
Figs. 3b and 3c, even after washing and sintering, only ∼10% 
surface-Li  was  removed  (Fig.  3e)  during  processing  (W-  and S- 
Graphite). By contrast, when the C-Graphite was treated with boric 
acid followed by a short sintering step, the bulk-Li was completely 
removed and only ∼4.5% of Li remained on the surface, as shown in 

Fig. 3d. 
The chemical bonding information was further determined by 

EELS. Figures 4a–4c depict the EELS spectra of the characteristic 
K-shell ionization edges of Li, C and B, respectively, where the four 
samples showed similar Li EELS spectra with a broad peak, 



 

 
 

 

 

 

 
 

Figure 2. High resolution XPS spectra of C1s (a), O1s (b) and B1s (c) of C-, W-, S- and B-Graphite. 
 

however, the peaks from Li compounds (Li2O, Li2CO3, LiF, LiCx, 
etc.) typically overlap, and are difficult to distinguish.35 Overall, the 
C K-edge spectra of the four samples are analogical, which showed a 
first peak corresponding to the 1s-π* antibonding orbital, followed 

by a wider band attributed to the 1s-σ∗ antibonding orbital, 

indicating a  well-graphitized  sp2-hybridization  structure.36 Notably, 
the peak intensity based on the Li K-edge for each sample 
was normalized. Consequently, the peak intensity evolution of C K- 
edge in different samples can represent the C/Li atomic ratio. The 
much higher C K-edge intensity for the borate treated sample 
qualitatively indicates the effective bulk Li  removal  compared  
with the cycled sample. 

In addition, the EELS spectrum of the B K-edge was also 
collected and shown in Fig. 4c, where two intense peaks were 
observed. The first peak at 190.4 eV is ascribed to the 1s-π* 

resonance, and the second peak at 199.5 eV is due to the 1s-σ∗ 
interactions, which demonstrates the presence of the sp2 and sp3 
hybridization of boron in the hexagonal boron/carbon 
conformation.37,38 Hence, it was concluded that the B element on  
the surface of B-Graphite was bonded with carbon atoms, forming a 
BCx compound, which is consistent with the XPS result in Fig. 2c. 
The B-doping on the graphite edge provides one less electron 
compared with pure graphite material. The Li can be considered as 
an electron donor to fill the unoccupied states,34,39 which accord- 
ingly can lead to extra lithium absorbed on the edge of graphite 
particles (Fig. 3d). 

The surface area, a critical parameter affecting the stability of LIB 
anode, of all S-Graphite and B-Graphite samples obtained at different 
annealing temperatures was probed by N2 adsorption/desorption 
experiment  (Figs. S3–S4). The Brunauer–Emmett–Teller (BET) sur- 

face area (SBET) of S-Graphite increased from 3.62 to 7.84 m2 g−1 as 

the annealing temperature increased from 750 to 1050 °C. In contrast, 
the SBET of B-Graphite reduced from 3.65 to 3.06 m2 g−1 for the same 

change of annealing temperature. These results agree with the prior 
XRD data  (Table  I, Fig. 1) that the interlayer spacing of S-Graphite 

expanded compared with typical graphite while the spacing remained 
the same for B-Graphite. They are also consistent with the XPS results 
that the surface O content of S-Graphite is significantly higher than that 

of B-Graphite. Therefore, the surface modification of graphite with 
boron can significantly restrict the increase of surface area with the 

elevation of sintering temperature compared with S-Graphite (Fig. S5). 
The thermal stability of graphite materials was further explored 

by thermogravimetric analysis (TGA), which was carried out by 
heating from room temperature to 900 °C with a heating rate of 

10 °C min−1 under an oxygen atmosphere. Meanwhile, the 

differential scanning calorimetry (DSC) was collected as well,  
which is favorable to further determine the composition of graphite 
materials. The TGA and DSC curves were plotted in Fig. 4d. The C-
Graphite exhibited a weight loss of ∼2 wt.% between 100 °C  and 
350  °C,  coupling  with  a  broad  DSC  thermogram  peak  in  this 
temperature window, which can be ascribed to the evaporation of 
physically adsorbed water.40 The weight loss of 4 wt.% between  
350 °C to 550 °C, accompanying with a DSC thermogram peak 

located  at  ∼475  °C,  can  be  assigned  to  pyrolysis  of  PVDF 

binder.41,42 A clear DSC thermogram peak at ∼570 °C associated 
with  LiOH  can  be  observed.43  However,  the  related  weight loss 
cannot be quantified accurately because it was merged with the 
dramatic weight decrease caused by the combustion of carbon. After 
washing, the DSC thermogram peak related to PVDF disappeared, 
suggesting the binder was removed from the graphite sample, which 
is  consistent  with  the  XPS  result.  The  thermogram  transition  at 
∼570 °C indicated that the lithium in W-Graphite was present as 
LiOH.  For  the  S-Graphite,  only  a  sharp  endothermic  peak  at 
∼760 °C associated with the combustion of graphite appeared. It 
should be noted that there was a remaining 8 wt.% of substance after 
graphite was burned out of. It is considered to be Li2O converted 
from LiOH, which can be thermally stable over the measured 
temperature range.43 Interestingly, the B-Graphite was found to be 
stable up to 700 °C, which is likely due to the stabilizing effect of 
boron on the surface of graphite.44,45 In this sample, atmospheric 

 

 

 

 

 

 

 



 

 
 

 

Figure 3. HAADF-STEM images and EELS elemental mapping of C-, W-, S- and B-Graphite (a)–(d); Normalized Li concentration quantified from EELS 
mapping result of different graphite samples (e). 

 

Figure 4. STEM-EELS of Li K-edge (a), C K-edge (b) of C-, W-, S- and B-Graphite and B K-edge of B-Graphite (c); TGA/DSC curves of C-, W-, S- and B-
Graphite (d). 



 

 
 

 

Figure 5. Cycling stability of B-graphite sintered at different temperatures (a); voltage profiles (b), cycling stability (c) and rate capability (d) of C-, W-, S- and 
B-Graphite obtained a 1050 °C sintering. 

 

oxygen would preferentially react with boron due to its lower 
electronegativity when compared to carbon, forming boron oxide. 
The boron oxide could serve as a physical diffusion barrier, reducing 
the oxidation rate of graphite.46 Therefore, the B-Graphite was not 
completely burned out even it was heated to 900 °C and the 
corresponding thermogram peak did not show up completely. 

The electrochemical performance of cycled and regenerated 
graphite was studied with half-cells under the galvanostatic cycling. 
The cycling stability of the B-graphite sintered at different tempera- 
tures was tested with a C/10 activation cycle and 100 subsequent 
cycles  at  C/3  (Fig.  5a).  The  capacity  of  all  samples  showed   
an   increasing  trend   during  the   initial   cycles  due   to activation 
process and then tended to stabilize. The B-Graphite sintered  at 
1050 °C exhibited an increased average capacity of 332 mAh g−1  
(at C/3) compared with the samples sintered at lower temperatures 
(279 mAh g−1 for B-750C-Graphite, 310 mAh g−1 for B-850C- 

Graphite and 312 mAh g−1 for B-950C-Graphite), which might be 
attributed to the increased ordering of graphite layers and decreased 
structural defects. 

The charge and discharge curves of C-, W-, S-, and B-Graphite 
were compared in Fig. 5b. All the samples showed a small plateau 
between 0.8 V–0.6 V in the discharge process, which is associated 
with  the formation  of  SEI,  and  a  long  plateau  between  0.2 V to 
0.02 V, which can be assigned to intercalation of Li+ in graphite 
interlayers. It should be noted that the first plateau of the S-Graphite 
was the longest among all the samples, accounting for 5% of the 
total discharge capacity, which leads to a lower Columbic efficiency 
(80%) than the other three samples (83% for C-Graphite, 81% for 
W-Graphite, 82% for B-Graphite). This is consistent with the highest 
SBET of S-Graphite among all the graphite samples. Despite this 
efficiency, the C-Graphite exhibited a reduced ability to host fresh 

Li+ due to the residual dead Li in the bulk graphite, which occupied 

the active sites b As displayed in Fig. 1c etween the graphite 
interlayers, leading to a reduced discharge capacity of only 295 mAh 
g−1. 

The cycling stability and rate capability of the C-, W-, S- and B- 
Graphite were further compared (Figs. 5c and 5d). The S-Graphite 
was found to deliver a capacity of 331 mAh g−1 at a C/3 rate, 

however, only 265 mAh g−1 was retained after 100 cycles. A 
possible cause is the increased specific surface area after sintering 
at 1050 °C (Fig. S4), leading to more parasitic reactions  and  
gradual capacity degradation.47 It was interesting to find that the 
surface doping of boron not only improved the initial capacity to 

330 mAh g−1 but also retained the capacity to be 333 mAh g−1 after 

100 cycles. This is probably because after subtraction of the bulk-Li 
during the regeneration process, the occupied active sites between 
the graphite interlayers and grain boundaries were released, sug- 
gested by the resumed interlayer spacing (Table I). Since the 
removal of bulk residual Li reopens the channels for Li transport, 
the rate capability was enhanced as well (Fig. 5b). The average 
capacity  delivered  by  the  B-Graphite  was  362,  348,  234  and 
140 mAh g−1 at rates of 0.2 C, 0.3 C, 0.5 C and 1 C, respectively. 
Furthermore,  when  the  rate  was  returned  to  0.2 C,  a  capacity of 
358 mAh g−1 was retained. By comparison, when the rate was 

increased to 1 C, only 108, 74 and 64 mAh g−1 was exhibited by the 
S-Graphite, W-Graphite and C-Graphite, respectively. 

EIS was then implemented to investigate the electrochemical 
kinetics of cycled and regenerated graphite martials. The Nyquist 
plots were plotted in Fig. S6, which were fitted with the equivalent 
circuit (inset of Fig. S6) to get quantitative values of resistances. Rs, 
RSEI, and Rct refer to the internal resistance of electrode and 
electrolyte, SEI film resistance, and charge transfer resistance, 
respectively. CPE (constant phase element) is used to supplement 
non-ideal capacitor behavior. W is the Warburg impedance, which is 



 

 
 

 

Figure 6. Scheme of C-Graphite(a) after different treatment: washing (b), sintering after washing(c) and boric treatment followed by sintering (d). 
 

also known as the diffusion resistance. The C-Graphite displayed the 
largest Rct (16.3 Ω), which is likely attributed to the remaining 
impurity species in the cycled graphite material. After washing, the 
Rct of W-Graphite was reduced to 14.6 Ω, which is owing to the 
removal of PVDF binder from the graphite particle. After sintering 
at 1050 °C, although the Rct was further reduced to 13.6 Ω, it was 
still much higher than that of B-Graphite (8.6 Ω). This might be due 
to the dead Li residual inside the graphite particle, which would lead 
to high electrochemical polarization, resulting in capacity loss 
especially at high charging/discharging rate. The above results are 
consistent with the established understanding of graphite anode that 
the interface of graphite and electrolyte is the first barrier that the Li 
ions need to diffuse through, and the edge features and disordered 

carbon structure significantly affect the Li+ intercalation behavior. 
The B-doping surface modifies the local electronic structure and 
tailor interface properties, which correspondingly enhances the rate 
and durability.39 

The above-discussed mechanisms of the various regeneration 
processes are summarized and illustrated in Fig. 6. It is discovered 

that the reversible Li+ loss accounting for the battery capacity decay 

is attributed to not only the formation of SEI and but also the Li+ 
trapped in the graphite bulk (turbostratic structures, edge sites, grain 
boundaries, etc.), as shown in Fig. 6a. After washing with NMP and 
distilled water, the surface SEI can be largely removed. However, a 
significant portion of the bulk Li likely remains, occupying or 
blocking the active sites of graphite interlayers and disordered 
carbon structures, which sacrifice the usable capacity (Fig. 6b).  
After further sintering at high temperature, the specific surface area 
was increased, which might be caused by induced defects by the 
removing residual bulk-Li (Fig. 6c). In contrast, the boric acid 
treatment followed by sintering not only completely extracts dead Li 
in the bulk structure of graphite particles, but also modifies the 
graphite surface with boron doping, which largely improves the 
thermal stability and minimize the surface area, leading to high 
electrochemical activity and cycling stability. 

 
Conclusions 

In summary, we demonstrated efficient upcycling of spent 
graphite anodes by leveraging fundamental understanding of the 
evolution of structural and compositional defects in different 
regeneration processes. By combining various advanced character- 
ization methods, we clearly identified that the residual Li in the bulk 

of degraded graphite particles is mainly responsible for the capacity 
deficiency of regenerated spent graphite by simple washing and 
sintering process. Applying boric acid solution treatment followed 
by short annealing we demonstrated complete regeneration of fine 
structures of spent graphite as well as introducing functional B- 
doping, which provides both high electrochemical activity and 
excellent cycling stability. Considering the low cost, non-volatile 
and non-caustic nature of boric acid as well as the simple process, 
our approach may represent a more promising direction for green 
and sustainable recycling of spent LIB anodes. 
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