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Cadmium-incorporated Li2FeSiO4/C composites have been successfully synthesized by a solid-state
reaction assisted with refluxing. The effect and mechanism of Cd-modification on the electrochemical
performance of Li2FeSiO4/C were investigated in detail by X-ray powder diffraction, X-ray photoelectron
spectroscopy, scanning electron microscopy, Raman spectra, transmission electron microscopy, positron
annihilation lifetime spectroscopy and Doppler broadening spectrum, and electrochemical measurements.
The results show that Cd not only exists in an amorphous state of CdO on the surface of LFS particles, but
also enters into the crystal lattice of LFS. Positron annihilation lifetime spectroscopy and Doppler
broadening spectrum analyses verify that Cd-incorporation increases the defect concentration and the
electronic conductivity of LFS, thus improve the Li1-ion diffusion process. Furthermore, our
electrochemical measurements verify that an appropriate amount of Cd-incorporation can achieve a
satisfied electrochemical performance for LFS/C cathode material.

P
olyoxyanion compounds (i.e., LiFePO4 and Li3V2(PO4)3) have become important alternative cathode
materials due to their structural stability and safety1–6. Recently, a new class of polyoxyanion cathodes based
on the orthosilicates, Li2MSiO4 (M5Mn, Fe, and Co) have been paid significant attention. Among of these

orthosilicates, Li2FeSiO4 (LFS), with iron and silicon being among the most abundant and lowest cost elements,
attracts the most interest7,8. In addition, compared with LiFePO4 and Li3V2(PO4)3, LFS has higher theoretical
capacity (166/332 mAh g21 for one/two Li1 intercalation/deintercalation, respectively)9–11. However, its low
electronic conductivity and slow lithium ion diffusion makes the insertion/extraction of both two lithium ions
into/from the lattice difficult10,11. Much effort has beenmade to improve the electrochemical performance of LFS,
such as incorporating conductive carbon10,12–17, reducing particle size18–21, and doping metal ion22–29. The positive
effect of Cd-incorporation on the electrochemical performance of some cathode materials (i.e., LiFePO4 and
LiCoO2) has been confirmed in previous works30,31, however, there is no report about Cd-modification for LFS so
far. Furthermore, it is still controversial whether metal ion is doped into the crystal structure or exists in the form
of metallic oxide32–36. As is known to all, X-ray photoelectron spectroscopy (XPS) is an important surface analysis
technique. Besides, the information of component elements in the interior of samples can be also obtained
through argon ion sputtering. In our previous work6,37, we have verified SiO2-coated on the surface but Fe-doped
into the lattice of Li3V2(PO4)3 by using XPS analysis combined with Ar-ion sputtering. If doping, defects (i.e.,
cavities, cavity, and pores etc.) in solid materials can easily form. Positron annihilation technique (PAT) is an
effective method to analyze the defects induced by doping38,39.

In the present work, we prepared a series of Cd-modified Li2FeSiO4/C composites via a solid-state reaction
assisted with refluxing. The physicochemical properties and electrochemical performance were studied by using
X-ray diffraction (XRD), scanning electronmicroscopy (SEM), transmission electronmicroscopy (TEM), Raman
spectroscopy, and electrochemical measurements. The nature of Cd-incorporation in Li2FeSiO4was investigated
by XPS and PAT.
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Results and Discussion
Characterization of the obtained LFS samples. Figure 1 shows the
XRD patterns of LFS/C and Cd-modified LFS/C samples. As seen in
Fig. 1, although there are some weak peaks for impurities (i.e.,
Li2SiO3, Fe2O3, etc.), all the XRD patterns of Cd-modified LFS/C
composites are similar to that of pristine LFS/C, and can be well
indexed to monoclinic structure of LFS with a space group of P21.
To study the effect of Cd-doping on the lattice structure of LFS, we
pay attention to the XRD patterns between 32u and 35u (the right
panel of Fig. 1). No observable peak shift happens, which should be
attributed to low content of Cd in the final products. Actually,
estimated by atomic absorption spectrophotometry (AAS,
AA240FS, Agilent Technologies), only 0.003, 0.02 and 0.22 wt%
Cd can be detected after thermal treatment in 2Cd-LFS/C, 6Cd-
LFS/C and 10Cd-LFS/C, respectively. A full Rietveld refinement
was carried out on LFS/C and 6Cd-LFS/C samples, and the refined
lattice parameters and atomic coordination are listed in Tables 1 and
2. The best refinement model was chosen from a P21 space group.
Because the reliability factor of sig is less than 2, and Rw is less than
15% (For LFS/C, the reliable factors are Rw 5 9.27%, sig5 1.29; and
for 6Cd-LFS/C, the reliable factors are Rw5 13.52%, sig5 1.38), the
Rietveld refinement results are reliable in the following analysis of
crystal structure. As shown in Table 1, the unit cell volume decreases
after Cd-incorporation, but the cell volume change with the Cd-
incorporation cannot be fully explained by the atom size difference
by lack of some information about the exist condition of Cd (i.e.,
coating, doping, or coating-doping co-modification). So, we
employed XPS and PAT measurements for further analysis, as
discussed later.
Furthermore, it is worth mentioning that no diffraction peaks

from carbon and any Cd-containing composite are detected, dem-
onstrating that the carbon yielded from pyrolysis of sucrose is
amorphous, and the content of Cd is too low to be detected or Cd
exists in the form of amorphous. The measured residual carbon
contents in LFS/C, 2Cd-LFS/C, 6Cd-LFS/C and 10Cd-LFS/C are
10.3, 10.2, 9.3 and 8.7 wt.%, respectively.
XPS spectra are used to investigate the oxidation state of compon-

ent elements in samples; and with argon ion sputtering, it can also be
used to detect the distribution of component elements at the surface
or in the interior of samples6,37. Fig. 2 is the XPS spectra of LFS/C and
6Cd-LFS/C. Herein, the scale of binding energy (BE) in the obtained
XPS spectra (Fig. 2) is referenced by setting the BE of C1s to

284.5 eV. As shown in Fig. 2a2 and 2b2, Fe2p main peaks of the
two samples are weaker at the surface but stronger in the interior,
which indicates that there are some chemicals (i.e., carbon and CdO)
coated at the surface of both samples. For 6Cd-LFS/C, the binding
energies at ,711 eV of Fe2p1/2 and ,707 eV of Fe2p3/2 are very
close to those for LFS/C, which demonstrates that the oxidation state
of Fe in both samples is 12, and Cd incorporation does not change
the valence state of Fe element in LFS. From Figs. 2a3 and 2b3, it
is clearly seen that the intensity of C1s main peaks at the surface is
much higher than that in the interior, indicating that carbon only is
coated on the surface of LFS particles. With Ar-ion sputtering, the
obtained XPS spectra mainly reflect the relative information in the
interior of samples. Consequently, we can determine whether Cd is
doped into the lattice of LFS or coated on the surface of LFS particles.
For instance, the Cd3d5/2main peaks (Fig. 2b4) appear not only at the
surface but also in the interior of the 6Cd-LFS/C sample. Hence, it is
reasonable to assume, in addition to existing in the form of CdO on
the surface, Cd is doped into the crystal lattice of LFS caused by
molecular diffusion during the sintering process. The existence of
CdO on the surface can effectively decrease charge-transfer resist-
ance and increase electronic conductivity30, and another part of Cd
doped into the crystal lattice of LFS may cause changes of defects in
LFS structure, which will be discussed in the following PALS and
DBS analysis. Moreover, the binding energy of Cd3d5/2 main peaks
around 405 eV represents the oxidation state of Cd is12, which is in
good agreement with the valence of Cd in the CdO composite.
Positron annihilation technique (PAT) is a powerful tool to study

defects in solids, which can provide useful information about the size,
type, and relative density of various defects and/or vacancies38–42. To
investigate the effect of Cd-incorporation on the LFS lattice structure,
Positron annihilation lifetime spectroscopy (PALS) and Doppler
broadening spectrum (DBS) measurements were further performed
for both LFS/C and Cd-LFS/C. As shown in Table 3, three lifetime
components t1, t2 and t3, with relative intensities I1, I2 and I3, are
observed for the two samples. The longest component t3 should be
attributed to the annihilation of orthopositronium atoms formed in
the large voids in the material or caused by surface effect of the
material40,41, and the relative intensity I3 is the weakest (,4%), so it
will not be discussed in the present work. The shortest component t1
should be attributed to the free annihilation of positrons in defect-
free crystal and those trapped by small defects40. However, the small
defects are notmajor positron traps and their correlation withmater-
ial properties is not conclusive42. The component t2 results from the
trapping state annihilation in imperfect crystal (especially large
defects), which relative intensity I2 quantifies the abundance of
defects40,41. FromTable 3, we can clearly see that, for the two samples,
the intensity distribution of I1 and I2 is close to 50%, which demon-
strates that the positron annihilationmechanism is not single, i.e., the
annihilation occurs not only in the interior of the grains, but also in
the defect position (such as vacancies, pores and cavities, etc.). For
both samples, t2 is much longer than t1, indicative of the existence of
large defects. Noting that, after Cd-incorporation, the ratio of I2 to I1

Figure 1 | XRD patterns of the as-prepared samples.

Table 1 | Lattice parameters of LFS/C and 6Cd-LFS/C

Sample a (Å) b (Å) c (Å) V (Å3)

LFS/C 8.3230 4.9884 8.2150 341.0741
6Cd-LFS/C 8.2201 4.9803 8.2227 336.6255

Table 2 | Atomic fractional coordinates of LFS/C and 6Cd-LFS/C

Atom

x y z

LFS/C 6Cd-LFS/C LFS/C 6Cd-LFS/C LFS/C 6Cd-LFS/C

Li1 0.6828 0.6691 0.7911 0.7100 0.6575 0.6666
Li2 0.5821 0.5907 0.3963 0.4037 0.1059 0.1096
Fe1 0.2883 0.2850 0.8193 0.8227 0.5441 0.5453
Si1 0.0106 0.0025 0.8132 0.8207 0.7745 0.7721
O1 0.8513 0.8499 0.7953 0.7605 0.8356 0.8294
O2 0.3757 0.3811 0.1654 0.1479 0.8983 0.9135
O3 0.7341 0.7376 0.7480 0.7450 0.4402 0.4392
O4 1.0164 0.9969 0.7133 0.7017 0.1979 0.1960
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increases from 0.82 to 1.26, which reflect that the defect capture is the
main annihilation mechanism. Additionally, compared with LFS/C,
the positrons annihilation lifetime t1 for 6Cd-LFS/C becomes
shorter. We can reasonably infer that Cd21 enters into the lattice of
LFS. A possibility is that, due to the Cd-incorporation into the stoi-
chiometric Li2FeSiO4 lattice, some Fe-containing impurity phases
would be formed to keep the charge balance. Another possibility is
that, there’s a chance for Fe21 to occur at grain boundaries in
Li2FeSiO4 crystal lattice, thus forming interstitial cation; or Cd21

occurs at grain boundaries; or Cd21 occupies at Fe-site.
Considering the stability of SiO4 tetrahedra, it is difficult to form
an oxygen vacancy; instead, vacancies in the Li crystallographic sites
would be formed to keep the charge balance. Li vacancies may con-
tribute to intrinsic ionic conductivity, thereby leading to an
improved electrochemical performance43. Meanwhile, Li vacancies
may also interpret the decrease of the unit cell volume. As we known,
the decrease in t2 mainly results from the decrease in defect size. For
6Cd-LFS/C, the t2 decrease should attribute to the decreased defect
volume, which is induced by the substitution of Cd21 (radius:
0.097 nm) for Fe21 (radius: 0.074 nm); the enhancement in I2 is
related to the increased defect concentration, which is more con-
ducive for Li1 ions diffusion. It is generally known that the probabil-
ity of positron annihilation in solid materials is in proportion to
electron density, but is inversely proportional to positron annihila-
tion lifetime. That is to say, the shorter the positron annihilation
lifetime, the higher the electron density is40. Higher electron density
means higher electronic conductivity. As shown in Table 3, com-
pared with LFS/C, 6Cd-LFS/C exhibits shorter t1 and t2, thus, 6Cd-
LFS/C has higher electronic conductivity, which agrees well with the
test results of electronic conductivity (i.e., 5.33 1024 S cm21 for 6Cd-
LFS/C, but 2.83 1024 S cm21 for LFS/C). DBS is sensitive to lattice
defects, so DBSmeasurements were performed at the same time. The
S parameters and the W parameters calculated from DBS of the
samples are listed in Table 4. The S parameter comes from positron
annihilations with valence electrons and conduction electron in the

low-momentum region, theW parameter reflects the positron anni-
hilations with core electrons in the high-momentum region. Thus,
the S parameter conveys the information of the positron annihilated
with defects, and theW parameter represents characteristic signals of
the elements. As shown in Table 4, it can be clearly seen that after Cd-
incorporation, the S parameter is decreased. Considering the intens-
ity distribution of I1 and I2 is close to 50%, the positron annihilations
may happen at the surface defects, so the decreased S parameter can
attribute to the CdO-coating. Meanwhile, the decreased S parameter
leads to an increased W parameter.
Figure 3 shows the SEM images of LFS/C and three Cd-modified

LFS/C samples. All the samples are composed of agglomerated part-
icles with a small size of 100 , 200 nm. There is no significant
difference in morphology between the four samples. To investigate
the distribution of key elements (C, Fe, and Cd) in 6Cd-LFS/C part-
icles, the elemental mapping of species was explored by EDX. As
displayed in Fig. 4, all the three elements (C, Fe, and Cd) show
homogeneous distribution, which demonstrates that these elements
are uniformly distributed in the 6Cd-LFS/C sample.
Raman spectra were used to check the carbon coating of LFS/C

and 6Cd-LFS/C samples. As shown in Fig. 5, both samples have two
intense broad bands (,1310 and 1590 cm21), which can be assigned
to the disordered (D) and graphene (G) bands of carbon, respect-
ively. There is no significant difference on the position of D and G
bands between both samples. The lower intensity ratio of D to G
band, the higher the electronic conductivity of the residual carbon is3.
From Table 5, it is found that the intensity ratio of D to G band
changes slightly, which demonstrates that the enhanced electronic
conductivity of 6Cd-LFS/C sample is ascribed not to carbon coating,
but to Cd incorporation. Moreover, as seen in Fig. 5, the small
intensity ratios of SiO4 (,550 and 900 cm21, assigned to internal
bending and stretching vibrations of the SiO4-tetrahedra, respect-
ively44,45.) and carbon bands for the two composites indicate a uni-
form carbon coating on the surface of LFS particles, which agrees well
with the results of the elemental mapping shown in Fig. 4.

Figure 2 | XPS spectra of (a) LFS/C, and (b) 6Cd-LFS/C.

Table 3 | Positron annihilation lifetime and relative intensity of LFS/
C and 6Cd-LFS/C

Sample t1 (ps) I1 (%) t2 (ps) I2 (%) t3 (ps) I3 (%)

LFS/C 213.262.9 53.21 413.364.2 43.26 220361.7 3.53
6Cd-LFS/C 196.164.8 43.70 373.765.0 55.00 227665.7 1.28

Table 4 | S parameters and W parameters of LFS/C and 6Cd-
LFS/C

Sample S W

LFS/C 0.496243 0.0174059
6Cd-LFS/C 0.490362 0.0181682

www.nature.com/scientificreports
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Themorphology and structure of 6Cd-LFS/C powder were further
confirmed by TEM and HRTEM (Fig. 6). Combined with the results
of XRD, XPS and PALS, it is reasonable to believe that 6Cd-LFS/C
particles are wrapped and/or connected with amixed layer combined
by amorphous carbon and CdO. The thickness of the layer is about 2
, 5 nm (Fig. 6b). The clear crystal planes with a d-spacing of
0.43 nm corresponding to the (011) planes and a d-spacing of
0.63 nm to the (-101) planes for 6Cd-LFS/C) in Fig. 6b demonstrate
that 6Cd-LFS/C with high crystallinity is obtained after sintering at
650uC for 10 h.

Electrochemical properties of LFS. The first two charge/discharge
curves of LFS/C, 2Cd-LFS/C, 6Cd-LFS/C and 10Cd-LFS/C samples
are shown in Fig. 7. Both charge and discharge processes are
conducted with a current rate of 0.1 C in a voltage range of 1.5 ,
4.6 V at room temperature. As shown in Fig. 7a, two potential
plateaus, located at ,3.15 V and ,4.50 V, can be observed in the
initial charge curves for the four samples, which is in good agreement
with previous reports11,13,14,46,47. The first potential plateau at,3.15 V
is very narrow, corresponding to the Fe21/Fe31 redox couple48. How-
ever, except for 6Cd-LFS/C electrode, the other three electrodes
exhibit less obvious potential plateau at ,3.15 V13,47, which is due
to the polarization. Subsequently, the potential plateau at ,3.15 V
shifts to a lower but broad potential plateau in the second charge
process, indicative of a structural rearrangement48,49. The second
voltage plateau at ,4.50 V, disappeared in the second charge
process, is indicative of the Fe31/Fe41 redox couple proved by D.
Lv et al.45 From Fig. 7a, it can be also clearly seen that, for 6Cd-

LFS/C, the voltage difference in plateaus between charge and
discharge process is the smallest, indicative of the lowest
polarization. In both cases, the capacity decreases within the first
few cycles and then becomes stable in the subsequent cycles, which
is due to the gradual penetration of electrolyte into the electrode and
the structural stability of LFS when cycled between 1.5 V and 4.6 V,
respectively. From Fig. 7, it can be obviously seen that 6Cd-LFS/C
exhibits the highest initial charge/discharge specific capacity of
197.5/191.3 mAh g21 with an excellent coulombic efficiency of
96.9%, and its average specific capacity for 40 cycles remains
185.1 mAh g21, corresponding to more than one Li1 intercalation/
deintercalation; while 10Cd-LFS/C delivers the lowest average
capacity of 122.9 mAh g21, and 2Cd-LFS/C shows a little lower
average capacity of 143.6 mAh g21 than the pristine LFS/C
(148.6 mAh g21). The results demonstrate that only an appropriate
amount of Cd-incorporation into LFS/C cathode material can obtain
better electrochemical performance.
Figure 8a shows the rate capability for LFS/C and 6Cd-LFS/C. The

data were obtained by testing in a mode that the cell was charged at a
low current density of 0.1 C (1 C 5 166 mA g21) to 4.6 V and dis-
charged at different rates (0.5 C, 1 C, 2 C, 5 C and 0.5 C) to 1.5 V,
and the cell ran for 10 cycles at each current density. In all cases, 6Cd-
LFS/C delivers higher capacity than other LFS/C samples. In addi-
tion, to compare the cycling performance of 6Cd-doped LFS/C and
LFS/C, the two electrodes were also charged/discharged at 3 C in the
voltage range of 1.5, 4.6 V (Fig. 8b). For both samples, the capacity
decreases within the initial several cycles, then increases and tends
towards stability in the following cycles. Both the decrease and the
increase in capacity during the early cycles result from the gradual
penetration of electrolyte into the electrode, and the stability of capa-
city in the subsequent cycles represents the structural stability of LFS
when cycled between1.5 V and 4.6 V. After 200 cycling, 6Cd-LFS/C
still delivers a discharge capacity about 112.4 mAh g21, which is
much higher than LFS/C (79.3 mAh g21). Obviously, Cd-modifica-
tionwith an optimal incorporating amount of 6 wt.% has remarkable
influence not only on the capacity at any C-rate, but also on the
cycling stability of LFS/C.
To investigate the effect of Cd on electrochemical performance of

LFS and the corresponding dynamic behavior, the electrochemical
impedance spectra (EIS) and cyclic voltammetry (CV) of the pristine

Figure 3 | SEM images of (a) LFS/C, (b) 2Cd-LFS/C, (c) 6Cd-LFS/C, and
(d) 10Cd-LFS/C.

Figure 4 | The EDX mapping of the 6Cd-LFS/C sample.

Figure 5 | Raman spectra of LFS/C and 6Cd-LFS/C.

Table 5 | ID/IG obtained from Raman spectra of LFS/C and 6Cd-
LFS/C

Sample LFS/C 6Cd-LFS/C

ID/IG 2.30 2.34

www.nature.com/scientificreports
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andCd-modified LFS/C samples are shown in Figs. 9 and 10, respect-
ively. As can be seen in Fig. 9, all the EIS profiles exhibit a small
intercept in the high frequency region, a depressed semicircle in the
medium frequency region, and a straight sloping line in the low
frequency region. The small intercept corresponds to the resistance
of the electrolyte, the depressed semicircle is related to the charge
transfer resistance and the double-layer capacitance between the
electrolyte and cathode, and the inclined line is associated with
lithium ion diffusion in the cathode active particles. In general, the
double-layer capacitance between the electrolyte and cathode is
small, so the diameter of the semicircle is approximately equal to
the charge transfer resistance. The lower the charge-transfer resist-
ance, the faster the kinetics of the cell reactions is. It is clear that 6Cd-
LFS/C shows the lowest charge-transfer resistance, indicative of a
faster kinetics in electrochemical reactions. Additionally, Li1 ion
diffusion in the cathode materials can be calculated from the rela-
tionship between Z9 and the reciprocal square root of the lower
angular frequencies (v21/2)10,50,51. The Li1 ion diffusion coefficient
for the four samples are listed in Table 6. It can be seen that the
lithium ion diffusion coefficient for 6Cd-LFS/C is higher than those
of other samples, but the Li1 ion diffusion coefficient for 2Cd-LFS/C
and 10Cd-LFS/C is lower than that for pristine LFS/C. This result is
coordinated with the charge-transfer resistance, which indicates that
the lithium ion mobility of LFS/C can be effectively improved by a
suitable Cd incorporation (6 wt.%). CV curves are shown in Fig. 10.
Obviously, the 6Cd-LFS/C electrode displays a same shape of CV
curve as the pristine LFS/C electrode, demonstrating that the elec-
trochemical behavior of LFS does not change after Cd-incorporation.
Two anodic peaks around 3.09 , 3.18 V and ,4.50 V during the
first charging process correspond to the successive two steps of

oxidation of Fe21 R Fe31 R Fe41 11. For both samples, during the
second charging process, the anodic peak corresponding to the
oxidation of Fe21 R Fe31 shifts to 3.04 , 3.10 V, which is related
to the structural rearrangement48,49. The anodic peak shifts agree well
with the results in Fig. 7a. As listed in Table 7, the voltage difference
between anodic and cathodic peaks for 6Cd-LFS/C (0.415 V) is smal-
ler than that for LFS/C (0.580 V), indicative of enhanced electrode
reaction reversibility. This can explain why 6Cd-LFS/C exhibits bet-
ter electrochemical performance.
In summary, Cd-modified Li2FeSiO4/C composites were success-

fully synthesized via a solid-state reaction assisted with refluxing.
Though a trace of impurities are observed in the XRD patterns of
the Cd-modified Li2FeSiO4/C composites, it does not change the
monoclinic structure of LFS and the valence state of Fe element in
LFS. XPS results reveal that Cd not only exists in the form of amorph-
ous CdO on the surface of LFS particles, but also enters into the
crystal lattice of LFS. PALS and DBS analyses demonstrate that the
defect capture is the main annihilation mechanism in Cd-modified
LFS/C material, and interstitial cation or Li vacancies are formed.
Cd-incorporation can increase the defect concentration and the
electronic conductivity of LFS, thus improve the Li1-ion diffusion
process. Electrochemical measurements verify that the as-obtained
6Cd-LFS/C exhibits the highest initial discharge specific capacity of
191.3 mAh g21 with an excellent coulombic efficiency of 96.9%, and
its average specific capacity for 40 cycles remains 185.1 mAh g21.
After 200 cycling at 3C, the 6Cd-LFS/C electrode still delivers a
desirable capacity about 112.4 mAh g21. The enhanced electrochem-
ical performance can be attributed to the increased defect concen-
tration, the improved electronic conductivity, the decreased charge
transfer resistance, and the improved Li1-ion diffusion coefficient.

Figure 6 | TEM images of the 6Cd-LFS/C sample.

Figure 7 | (a) The first two charge/discharge curves, and (b) Cycling performance of the as-prepared samples at 0.1 C.

www.nature.com/scientificreports
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Methods
Synthesis and characterization of samples. Pristine and Cd-modified Li2FeSiO4/C
composites were synthesized via a solid-state reaction assisted with refluxing as

described elsewhere52. To prepare pristine Li2FeSiO4/C, lithium acetate, ferrous
oxalate and tetraethyl orthosilicate in stoichiometric molar ratio of 25151 were
successively dissolved in ethanol. The above solution was stirred sufficiently, and then
transferred to the reflux system. The above mixture was maintained at 80uC for 24 h.
After evaporating (ethanol) and vacuum drying, the obtained dry gel was mixed with
a certain amount of sucrose in acetone by ball-milling. The resulting precursor was
dried at 50uC, and then calcined at 350uC for 5 h, followed by being sintered at 650uC
for 10 h in nitrogen atmosphere to obtain the pristine Li2FeSiO4/C powder. Cd-
modified Li2FeSiO4/C samples were synthesized according the following procedure:
LFS/C powder was firstly dispersed in a progressive amount of ethanol solution with
the concentration of cadmium acetate being ca. 2, 6 and 10 wt.% of LFS/C powder,
respectively, by ultrasonicmethod for 2 h. Then, themixture wasmagnetically stirred
till dry. Subsequently, the precursor was calcined at 600uC for 5 h in nitrogen
atmosphere, and then the Cd-modified Li2FeSiO4/C composites were obtained. The

Figure 8 | (a) Comparison of discharge capacity between LFS/C and 6Cd-LFS/C at different C-rate, and (b) Cycling performance of LFS/C and 6Cd-
LFS/C at 3 C.

Figure 9 | (a) EIS profiles, and (b) the relationship between Z9 and v21/2 in the low-frequency range of the as-prepared samples.

Figure 10 | CV curves of LFS/C and 6Cd-LFS/C electrodes.

Table 6 | Lithium ion diffusion coefficient (DLi) for the as-prepared
samples

Sample LFS/C 2Cd-LFS/C 6Cd-LFS/C 10Cd-LFS/C

DLi (cm2 s21) 1.53 10212 3.93 10213 2.63 10212 6.93 10213

www.nature.com/scientificreports
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pristine Li2FeSiO4/C and the Cd-modified Li2FeSiO4/C samples with 2, 6, and
10 wt.% cadmium acetate are denoted LFS/C, 2Cd-LFS/C, 6Cd-LFS/C, and 10Cd-
LFS/C, respectively.

Carbon coating in the four LFS/C samples was characterized by Raman spectro-
metry (VERTEX 70, Bruker), and carbon content was determined by a carbon sulfur
analyzer (CS600, LECO, US). Both pristine and Cd-modified LFS/C powders were
pressed into disk-shaped pellets with diameter of 8 mm and thickness of about
1.0 mm, and the electronic conductivity was measured by a standard four-probe
method with RTS resistivity measurement system (RTS-8, China).

XRD patterns were obtained using X-ray powder diffraction (Rigaku Ultima IV)
withCu-ka radiation (l5 1.5406 Å). Rietveld refinement was performed on theXRD
data by using the software Maud to obtain the crystal structure parameters53–55.The
morphology was obtained with a field-scanning electron microscope (FSEM, JSM-
7500F, JEOL) and a transmission electron microscope (TEM, JEM-2100, JEOL). The
oxidation state of Fe and Cd in LFS/C and 6Cd-LFS/C samples was studied by XPS
(PHI Quantera, U-P). In order to investigate the distribution of key elements (Fe, C,
and Cd) not only at the surface but also in the interior of the samples, argon ion
sputtering was also used in XPS analysis. Additionally, positron annihilation lifetime
spectroscopy (PALS) and Doppler broadening spectrum (DBS) measurements were
performed by using the high resolution positron annihilation lifetime spectrometer at
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China.
Positron annihilation lifetime spectroscopy was carried out by using an ORTEC fast-
slow coincidence system with a BaF2 as the detector with a time resolution of 198 ps.
The sample powder was pressed into a disk (diameter: 8 mm, thickness:,1.0 mm).
22Nawas chosen as the positron source and sandwiched between two identical sample
disks. The total coincidence events were accumulated to over 2.0 3 106 for each
spectrum. A fitting software LT9.0 was used to analyze the obtained spectra. Doppler
broadening spectrum (DBS) was also performed by using a single high-purity Ge
detector which energy resolution was 1.3 keV. The total energy region of the peak
ranged from 499.15 to 522.85 keV. The energy region of the S parameter ranged from
510.20 to 511.80 keV, while the W parameter ranged from 514.3 to 518.7 and from
503.3 to 507.7 keV.

Assembly of cells and electrochemical measurements. The working electrodes were
prepared bymixing active materials (LFS/C, 2Cd-LFS/C, 6Cd-LFS/C, and 10Cd-LFS/
C, respectively) with PVDF and acetylene black in a weight ratio of 75515510 in N-
methyl pyrrolidinone solvent. The mixed slurry was coated onto an aluminum foil
(20 mm in thickness) using an automatic film-coating equipment. The resulting film
was dried under an infrared light to vaporize volatile solvent, punched into disks
(14 mm), and then pressed under a pressure of 6 MPa. After drying at 120uC for 12 h
in vacuum, the disk was transferred into an argon-filled glove box (Super 1220/750,
Mikrouna). The mass loading of the active materials on the electrode was about
1.8 mg cm22. 2025 coin cells were assembled using Celgard 2400 as the separator and
lithium foil as counter and reference electrodes. A solution of 1 mol L21 LiPF6 in EC/
DMC (LB-301, China) was employed as electrolyte. Galvanostatic charge/discharge
measurements were performed between 1.5 V and 4.6 V at room temperature on a
cell testing system (LAND CT2001A, China). EIS and CV measurements were
performed on an electrochemical working station (CHI614C, China). EIS spectra
were obtained over a frequency range from 0.01 Hz to 100 kHz, and CVs were tested
at a scanning rate of 0.1 mV s21 within a voltage range of 1.5–4.6 V.
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