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Antimony and antimony oxide@graphene oxide 
obtained by the peroxide route as anodes for 
lithium-ion batteries

Abstract: Zero-valent antimony and antimony oxide 
were deposited on graphene oxide by the recently intro-
duced peroxide deposition route. The antimony@gra-
phene oxide (GO) anode exhibits a charging capacity of 
340 mAh g -1 with excellent stability at a current rate of 
250 mA g -1 after 50 cycles of lithiation, which is superior 
to all other forms of antimony anodes that have been 
reported thus far. The electrode also exhibits a good rate 
performance, with a capacity of 230 and 180 mAh g -1 at 
a rate of 500 and 1000 mA g -1, respectively. We attribute 
the superior performance of the antimony@GO anodes to 
our coating protocol, which provides a thin layer of nano-
metric antimony coating on the graphene oxide, and to a 
small amount of antimony oxide that is left in the anode 
material after heat treatment and imparts some flexibility. 

The efficient charge distribution by the large surface area 
of reduced GO and the expansion buffering of the elastic 
graphene sheets also contributed to the superior stability 
of the anode.
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Introduction
New generations of rechargeable batteries are essential 
for maintaining rapid momentum in the development of 
portable electronics and electric vehicles. Superior cath-
odes and electrolytes and new generations of large charge 
density anodes are gradually emerging. Great effort is 
being devoted to devising alternative lithium alloys such 
as tin, antimony, germanium, silicon and aluminum. 
Tin and particularly tin/carbon composites are by far 
the most promising alternative lithium-ion battery (LIB) 
anodes. However, antimony is also attracting significant 
attention due to its high theoretical charge capacity and 
its reasonable price. However, lithium alloying is often 
accompanied by a large volume change, which pulverizes 
the electrode upon repeated cycling and diminishes its 
performance attributes. Antimony lithiation to form Li3Sb 
is associated with moderate volume expansion (147%), 
which is significantly lower than the volume change asso-
ciated with, for example, tin expansion by Li22Sn5 forma-
tion (676%), though still much higher than the 9% volume 
change associated with graphite intercalation ( Besenhard 
et  al., 1990). Indeed, antimony-based electrodes, be 
they antimony oxide, zero-valent antimony or antimony 
sulfide, constitute attractive alternatives to the graphite 
lithium ion battery anodes. These materials have a theo-
retical capacity of 551, 660, and 946 mAh g -1, respectively, 
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compared to the 372 mAh g -1 of graphite intercalation to 
form C6Li. However, despite many efforts, the promise 
entailed in antimony and antimony oxide LIB anodes has 
never materialized. Lithium alloying by tin has proven to 
be much more successful than antimony lithiation.

The cyclability of lithium alloying was greatly 
improved by the introduction of carbon composites and 
later on by the introduction of reduced graphene oxide 
(rGO) composites. The latter provides an efficient, high 
surface area means to distribute the charge throughout 
the thick LIB anode, and its flexibility buffers large volume 
changes induced by lithiation and delithiation and thus 
minimizes electrode pulverization.

Several pathways to improve antimony oxide or 
antimony-based LIB anodes were examined. The depo-
sition of antimony on mesoporous carbon supports was 
investigated by Chang (2008), who found approximately 
100  mAh  g -1 after 20 cycles. Zero-valent antimony on 
carbon with added cellulose showed some 100 mAh  g -1 
after 15 cycles (Caballero et  al., 2008). Natural honey-
comb-templated LiSbO3 showed some 180 mAh g -1 (Kundu 
et al., 2011a). Although this was reduced by approximately 
40–50% after 50 cycles, its performance was still much 
superior to the performance reported by those authors for 
non-templated LiSbO3. LiSbO4 was also proposed by Kundu 
et al. (2011b) but it exhibited a rather low average charge 
capacity ( < 100 mAh g -1). Scorsati’s group (Hassoun et al., 
2008) showed a capacity of up to 200 mAh g -1 (at 100 mA 
g -1 charging rate) using approximately 500 nm antimony 
particles. Bryngelsson et  al. studied electrodeposited 
antimony and antimony oxide films on nickel electrodes 
and showed remarkably high and stable LIB anode perfor-
mance (Bryngelsson et al., 2007a,b). Over 600 mAh (g Sb)-1 
capacity was demonstrated for thin films of a mixture of 
antimony oxide and nanometric antimony deposited on 
etched nickel substrate.

Two other viable routes to exploit the high lithiation 
capacity of antimony should be mentioned in this intro-
duction. We have recently demonstrated superior anti-
mony sulfide LIB (Prikhodchenko et  al., 2012; Yu et al., 
2014) (and sodium ion battery; Yu et al., 2013) anodes by 
coating GO with a thin antimony sulfide layer that reached 
a specific capacity of 790 mAh g -1 after 50 cycles at 250 mA 
g -1. Several authors have exploited the use of SnSb-gra-
phene oxide and other bimetallic composites (Seng et al., 
2011) and showed superior capacity compared to graphite, 
at least at moderate charging rates (Billaud et al., 2008; 
Simonin et  al., 2008; Park and Sohn 2009; Chen et  al., 
2010; Fan et al., 2012; Jiang et al., 2012).

In a set of recent articles, we introduced the peroxide 
route for post-transition element coatings of graphene 

oxide and other particulates (Sladkevich et  al., 2010, 
2012a,b; Prikhodchenko et  al., 2012). The hydroperoxide 
ligands regulate the polycondensation and aggregation 
in the aqueous solution, and due to being superior hydro-
gen donors (Prikhodchenko et al., 2011; Vener et al., 2011) 
(compared to hydroxo functionalities), they efficiently 
anchor nanoparticles to the solid oxide supports. In this 
study, we exploit the ability to produce ultrathin layers 
of nanoparticulate antimony oxide on reduced graphene 
oxide. Then we used another important feature that was 
introduced recently (Sladkevich et  al., 2012a), namely 
the ability to reduce the metal oxide by high temperature 
reaction with the GO to form a zero-valent post-transition 
element deposit on the rGO. We show here that by con-
trolling the high temperature treatment time, it is possible 
to obtain reduced graphene-oxide-supported nanometric 
crystalline antimony. Furthermore, we show that the crys-
talline antimony is coated by a thin antimony oxide layer. 
As a result of these two features, we obtain a very high 
specific charging capacity of reduced graphene-oxide-
supported antimony LIB anodes.

Results and discussion

Characteristics of the active anode materials

Electron microscope imaging of the three coated 
 graphenes, GO-Sb-80, rGO-Sb-300 and rGO-Sb-650 after 
heat treatment of peroxoantimonate@GO in vacuum at 
80, 300 and 650°C, respectively, are depicted in Figure 1. 
The heat treatment distorted the flat graphene sheets, 
but other than that, it is difficult to notice the coatings on 
the GO. After treatment at 650°C, backscattered electron 
imaging revealed the emergence of 10–40 nm (antimony) 
dots on the graphene oxide. The large atomic number of 
antimony enhances the backscattering contrast.

The TEM images delineated in Figure 2 show gradual 
changes in the morphology of the active material. At room 
temperature, the material is by and large amorphous with 
the exception of tiny spots of crystalline cubic antimony 
(V) oxide that are probably formed at room tempera-
ture due to the local dismutation of the hydroperoxide 
 functionalities and the evaporation of water. Tetramethyl-
ammonium hydroxide decomposes at high temperature, 
and the trimethylamine product evaporates as well. The 
d-spacing of the crystalline material is approximately 
0.30 nm, which agrees well with the d222 spacing of cubic 
antimonic acid, i.e., hydrated Sb2O5, as described by 
Stewart et al. (1972).
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After heat treatment at 300°C, TEM imaging shows 
the formation of an amorphous coating that we inter-
pret as antimony (III) oxide, rGO-Sb-300. After treatment 
at 300°C for a longer duration, or after heat treatment 

at 650°C for 2 h, crystallinity is observed (Figure 2C,D). 
Selected area electron diffraction (SAED) studies of the 
rGO-Sb-650 sample reflect the crystal structure of trigonal 
antimony(0). Additionally, the SAED pattern in Frame D of 

Figure 1: Scanning transmission electron microscope (STEM) images of heat-treated GO-supported antimony oxides: GO-Sb-80 (A), rGO-Sb-
300 (B) and rGO-Sb-650 (C) in backscattering electron mode.

Figure 2: TEM images of antimony (V) oxide at room temperature with an insert that depicts nanocrystalline phases (A), rGO-Sb-300 (B) and 
rGO-Sb-650 (C).
The SAED of rGO-Sb-650 with the appropriate patterns of antimony (0) and GO are also shown in frame (D).
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Figure 2 shows the crystalline rings of the graphene oxide 
with d-spacings of approximately 2.1 Å and 1.2 Å, whereas 
the (002) peak of graphite with d-spacing of approximately 
3.5 Å is absent altogether. Evidently, the coating hinders 
graphene stacking, and thus there is no long-range order 
in the z-direction. In addition to the dominant morphol-
ogy that is depicted in Figure 2C, some spots of large trigo-
nal antimony appear after 2 h of heat treatment at 650°C. 
Further heating at 650°C for 10 h did not change the TEM 
structure, but some larger crystals of antimony appeared, 
probably due to sublimation and recrystallization of the 
trigonal antimony phase.

The X-ray diffraction patterns in Figure 3 partially cor-
roborate the electron microscopy conclusions. At room 
temperature, we observe minor crystallinity due to the 
antimony oxide hydrate. These nanocrystals, which are 
3  nm according to the Scherrer equation, are destroyed 
at 80°C. Up to 300°C, the material is amorphous, but 
prolonged heating of the sample (e.g., for 2 h) at 300°C 
produces cubic (senarmontite) antimony oxide, which are 
95 nm according to the Scherrer equation). We believe that 
the XRD powder diffraction is biased by some very small 
quantity of a large crystalline material that is obtained 
during heat treatment. It is important to minimize the 

Figure 3: X-ray diffractograms of antimony oxide@GO.
From bottom: Antimony oxide@GO at room temperature, after 5 h 
of heat treatment at 80°C, after 0.5 h at 300°C, after 2 h of heat 
treatment at 300°C and after 2 h of heat treatment at 650°C. The dif-
fractions of cubic Sb2O5, cubic Sb2O3 and trigonal antimony (0) are 
indicated by circles, triangles and squares, respectively.

Table 1: EDX elemental analysis of anode material.

Sample   Temperature/heat time  Sb:C:O, weight ratio

GO-SbV   25°C/-  2.09:1:1.41
GO-Sb-80   80°C/5 h  1.62:1:1.32
rGO-Sb-300   300°C/0.5 h  0.88:1:0.42
rGO-Sb-650   650°C/2 h  0.28:1:0.27

duration of the heat treatment in order to prevent crystal 
growth. Indeed, in our previous publication on the heat-
induced transformations of graphene-oxide-supported 
antimony oxide, we received mostly large crystals of 
 antimony after 10 h of heat treatment at 650°C (Sladkevich 
et al., 2012a). More intensive heat treatment at 650°C gives 
the trigonal antimony phase (upper curve), with a crystal-
lite size of 27 nm according to the Scherrer equation.

EDX studies revealed that the ratio between the 
antimony and the carbon support changes during heat 
treatment (Table 1). The O:C ratio goes from 1.4 at room 
temperature to 0.4 at 300°C due to a reduction of graphene 
oxide and antimony(V) oxide, and at a still higher tempera-
ture, the conversion from Sb(III) to Sb(0) reduces this ratio 
even further to 0.3. The Sb:C ratio is reduced from 2.1 to 0.9 
after heat treatment due to sublimation, which becomes 
even more pronounced at higher temperatures, resulting 
in a Sb:C ratio of only 0.3 for the rGO-Sb-650 sample. The 
loss of antimony upon heat treatment is explained by the 
high vapor pressure of elemental antimony (above 10 Pa) 
at 650°C.

Surface area analysis by nitrogen adsorption reveals 
that the BET surface area (depicted in Table S1 in the Sup-
plementary Material) increases gradually during the heat 
treatment and reaches over 300  m2 g -1 for rGO-Sb-650. 
However, as discussed recently by Kuo et al. (2013), there is 
not necessarily a correlation between the specific surface 
area of the graphene oxide and their lithiation capacity as 
adsorption on specific functionalities plays a larger role 
than adsorption on defects or large surface areas.

Electrochemical evaluation

The first charge and discharge profiles of GO-Sb-80, rGO-
Sb-300 and rGO-Sb-650 are shown in Figure 4. All the elec-
trodes show a first discharge capacity of  > 1000 mAh g -1. 
The specific mass used for the calculation is the total mass 
of the rGO-Sb composite (i.e., 60% of the electrode mass).

Commercial Sb (Sigma Aldrich, 100 mesh) shows 
the typical profile with a discharge and charge plateau of 
approximately 0.87 V and 1.02 V, respectively. Discharge 
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excellent electrical conductors, and thus they distribute the 
charge efficiently to the supported ultra-thin layers of anti-
mony or antimony oxide. Additionally, the graphene con-
tributes flexibility, which helps buffer volume changes and 
thus reduces electrode pulverization.

Cyclic voltammograms of the electrodes during the 
second cycle is shown in Figure 6. The two peaks corre-
sponding to reductive lithiation to form Li3Sb (0.59 V) and 
oxidative dealloying (1.10 V) can be seen. The Sb peak for 
the rGO-Sb-650 sample is smaller than that of rGO-Sb-300 
due to the lower content of Sb in the material (Sb:C ratio of 
0.3 for rGO-Sb-650 and 0.9 for rGO-Sb-300).

At a rate of 100 mA g -1, the three electrodes GO-Sb-80, 
rGO-Sb-300 and rGO-Sb-650 show first charge capacities 
of 309, 467 and 468 mAh g -1, respectively. The capacities of 
rGO-Sb-300 and rGO-Sb-650 are higher than the theoretical 
charging capacity of commercial graphite of 372  mAh  g -1. 
However, it should be noted that this comes at the expense 
of a lower operating potential of the cell as the average 
charging potential is 0.8 V, which is considerably larger than 
graphite. When the electrodes were cycled at 250 mA g -1, all 
of them showed excellent stability, as compared to the com-
mercial Sb electrode (see Figure 5A). Even though the initial 
capacity of the material is lower than that of the commercial 
Sb material, the stability makes up for the deficit.

The rate performance of the three antimony compos-
ites is shown in Figure 5B. Both charge and discharge rates 
are the same during each cycle. At a rate of 2000 mA g -1 
(which is approximately 5C), the attainable capacity for 
rGO-Sb-650 is about 100 mAh g -1. Because Sb has a reac-
tion potential of around 0.8 V vs. Li/Li+, the composite 

capacity is 843 mAh g -1 and charge capacity is approximatly 
709 mAh g -1 with a first-cycle efficiency of 84.2%. Overall 
capacity is slightly higher than that of Li3Sb formation, 
probably due to lithiation by the 20% carbon black in the 
electrode. Even though a large capacity can be obtained 
from the commercial Sb electrode, cycle performance 
is poor (see Figure 5A). Sb is expected to undergo a large 
volume change during alloying and de-alloying with Li, 
and the expansion and contraction of the material will lead 
to pulverization and loss of contact, resulting in loss in cycle 
capacity. The three graphene-oxide-supported electrodes, 
and particularly the two heat-treated electrodes, show good 
cycling stability, which is attributed to the reduction of the 
graphene at high temperature. The reduced graphenes are 

Figure 4: First-cycle charge and discharge profiles of different 
electrodes.

Figure 5: Cycle and rate performance of different antimony-based electrodes.
(A) Charging capacities of commercial antimony oxide (open circles), rGO-Sb-650 (diamonds), rGO-Sb-300 (closed circles) and GO-Sb-80 
(triangles). The first five cycles were conducted at a current density of 100 mA g -1, and the others at 250 mA g -1. (B) Charging capacities 
of rGO-Sb-650, rGO-Sb-300 and GO-Sb-80 at different charging rates. The specific mass used for the calculation is the total mass of the 
rGO-Sb composite (i.e., 60% of the electrode mass).
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can still give a considerable amount of capacity at a high 
charging rate (lithiation). In contrast, typical graphite 
anodes cannot be charged at 5C because the potential of 
the electrode will fall below the cut-off of 0 V, leading to 
safety concerns regarding Li dendrite formation.

The charge capacity of rGO-Sb-650 originates from 
both Sb and graphene. For comparison, Figure S1 (see Sup-
plementary Material) shows the performance of a blank 
graphene oxide without Sb with the same electrode con-
figuration and test range. The first charge capacity of rGO 
taken at a rate of 50 mA g -1 is 550 mAh (g graphene  oxide)-1, 
but the capacity decreases with cycling. However, after 
35 cycles, the graphene blank electrode exhibited only 
approximately 270 mAh g -1 at a rate of 100 mA g -1, whereas 
the rGO-Sb-650 exhibited a charge capacity of 410 mAh g -1 
after 35 cycles at 100 mA g -1 (see Figure 5B showing cycling 
at different rates, but starting and ending at 100 mA g -1).

The role of the morphology of Sb/C composite anodes 
was studied by Scorsati’s group (Hassoun et al., 2008), who 
concluded that to increase the charge capacity, it would be 
necessary to reduce the size of the antimony particles to 
a few nm. Bryngelsson et al. (2007a,b), who studied elec-
trodeposited antimony and antimony oxide films on nickel 
electrodes, concluded that three attributes are impor-
tant to obtaining superior antimony-based LIB anodes: 
1) Nanometric antimony particles are preferable; 2) thin 
film coatings function better; and 3) approximately 25% of 
antimony oxide improved electrode cyclability due to the 
formation of Li2O volume buffering nano-grains. Whereas 
the thin film morphology condition was certainly satisfied 
in the rGO-Sb-300 and  rGO-Sb-650, the best  electrode was 
the rGO-Sb-650, despite its lower Sb content (Table 1). This 
electrode contained only antimony(0) according to our 

Figure 6: Cyclic voltammograms of the different electrodes during 
the second cycle.

X-ray analysis (Figure  3) and TEM studies (Figure 2). To 
verify that there is no  amorphous antimony oxide coating 
on the crystalline antimony particles, we have conducted 
XPS studies of the rGO-Sb-300 and rGO-Sb-650 samples 
(see Figure S2 in the Supplementary Material), and surpris-
ingly, we observed that even after treatment at 650°C for 2 h, 
antimony (III) was the dominant antimony form and only 
a very small percentage of antimony (0) could be observed 
from the deconvoluted broad antimony binding energy 
peak. We have repeated the XPS analysis of the rGO-Sb-650 
samples several times with different samples but received 
similar results. The XPS spectrum was in marked contrast 
to the X-ray and TEM studies, which showed only the pres-
ence of trigonal antimony (0) in the rGO-Sb-650 samples. 
We believe that the XPS results are biased by the large 
attenuation  coefficient of the photoelectron emission of the 
thin coating of amorphous antimony oxide that is left after 
2  h of 650°C heat treatment. Indeed, upon longer reduc-
tion (at 650°C for 10 h), the XPS spectra revealed reduction 
of all of the antimony to its zero-valent state (Sladkevich 
et al., 2012a). Thus, we believe that neither the XPS nor the 
X-ray diffractograms provide accurate quantitative com-
position data, and the combination of the two methods 
proves coexistence of antimony oxide and antimony (0) in 
the rGO-Sb-650 samples. Thus, in line with  Bryngelsson’s 
expectations based on electrochemical deposition studies, 
the best anodes contained a combination of antimony and 
antimony oxide phases.

Despite being inferior to the rGO-Sb-650 anode, the 
rGO-Sb-300 electrode also exhibited very good perfor-
mance. The repeatability and stability were in fact supe-
rior to all previously reported antimony oxide electrodes. 
The charging capacity was 230 mAh g -1 after 50 cycles at 
a rate of 250  mA g -1. We attribute the good performance 
of the rGO-Sb-300 (compared to previously reported car-
bon-coated antimony oxide electrodes) that was obtained 
by the peroxide deposition route to the thin amorphous 
coating that formed on the rGO. Several authors have 
already observed that amorphous films of lithiating hosts 
function better. For example, Xue et al. (2012) showed that 
amorphous germanium oxide LIB anodes exhibited much 
better performance compared to crystalline electrodes.

We believe that this article shows that antimony oxide 
and antimony-based LIB anodes are viable options. We also 
believe that this paper demonstrates the value of the per-
oxide synthesis route for obtaining high-performance, rGO-
supported, antimony-based LIB anodes and thus provides 
additional evidence that the success of the peroxide deposi-
tion route is not confined to the production of rGO-supported 
SnO2 and Sb2S3 LIB anodes that were previously reported 
(Prikhodchenko et al., 2012; Sladkevich et al., 2012b).
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Conclusions

The evidence provided in this article can be divided into 
two levels. First, at the chemical synthesis/processing 
level, the article shows that the hydrogen peroxide syn-
thesis route is a valuable (solution-based) technique for 
the production of a thin coating of antimony oxide@
rGO and nanometric Sb(0)@rGO. This was demonstrated 
by the production of stable antimony-based LIB anodes. 
Second, the demonstration of a nanometric Sb(0)@rGO 
LIB anode with a high charge capacity and good stability 
confirms what numerous researchers before us have sus-
pected but could not satisfactorily demonstrate: carbon-
supported antimony and antimony oxide can be a viable 
alternative to the graphite LIBs.

Experimental section
Synthesis

Antimony and antimony-oxide-coated GO were synthesized by the 
 peroxide route from a hydroxoantimonate precursor and a home-
made GO, which was prepared by the modified Hummer’s method 
(Zhou et  al., 2009; Gun et  al., 2012). First, a hydroxoantimonate 
precursor solution was obtained from aqueous SbCl5, (99% purity, 
Sigma-Aldrich), and then peroxoantimonate-supported GO [GO-
Sb(V)] was prepared, according to a methodology that was described 
in a recent publication (Sladkevich et al., 2012a), by dissolution of 
the hydroxoantimonate precursor solution in a basic hydrogen-per-
oxide-rich aqueous dispersion of GO (2 wt%). Selective precipitation 
of the peroxoantimonate on the GO was conducted by addition of a 
1:1 ethanol:diethyl ether mixture acting as an anti-solvent. Details of 
the preparation protocols are provided in the online supplementary 
material.

Preparation of GO-Sb-80, rGO-Sb-300 and rGO-Sb-650

Heat treatment of the GO-Sb(V) powder was carried out in a tube fur-
nace at 10-5 Pa pressure. The sample GO-Sb-80 was heated to 80°C 
for 5 h, the sample rGO-Sb-300 was heated to 300°C for 30 min and 
rGO-Sb-650 was heated to 650°C for 2 h. Additional heat treatments 
were conducted as delineated in the results section, but these sam-
ples were not evaluated as LIB anodes. Heating to the different set 
points was conducted at a rate of 0.8°C min-1 to prevent loss of the 
products by carryover.

Material characterization

Scanning electron microscopy (SEM and STEM), high resolution 
transmission electron microscopy (HRTEM), surface area BET stud-
ies, X-ray photoelectron spectroscopy (XPS) and X-ray powder 

diffraction (XRD) were conducted as detailed in the online supple-
mentary material.

Electrochemical studies

Four antimony-containing samples were selected for electrochemi-
cal evaluation. Bulk crystalline Sb (Sigma-Aldrich) was used as is, 
and the materials denoted as GO-Sb-80, rGO-Sb-300 and rGO-Sb-650 
were prepared as detailed above. In the following, we use the same 
nomenclature for the active electrode material and the anode that 
was made from it.

Electrochemical evaluation

Each of the different lithium intercalation materials was mixed with 
acetylene black and carboxymethylcellulose sodium salt (CMC, 
Sigma-Aldrich) in a weight ratio of 6:2:2, with deionized water as the 
medium to form a slurry. The slurry was then coated onto roughened 
copper foil as a current collector using a doctor blade. The electrode 
was dried at 80°C and pressed in a roll press. The electrodes were 
cut into 16-mm-diameter discs and further dried at 110°C for 4 h in 
vacuum before being introduced into an argon-filled glove box. 
The electrodes were assembled with Li metal as counter electrodes 
in a 2016 coin cell. As electrolyte, 1 m lithium hexafluorophosphate 
(LiPF6) in an ethylene carbonate (EC) – diethyl carbonate (DEC) 1:1 
solution was used. The cells were then tested with a battery tester 
(Neware) between 0 and 2.5 V vs. Li/Li+. The typical charge-discharge 
rate was 100 mA g -1 during the first five cycles and 250 mA g -1 for sub-
sequent cycles. The current rate used was typically 2.5 times higher 
than that reported for carbon-coated antimony electrodes in the lit-
erature. Cyclic voltammetry (CV) profiles were taken at a scan rate of 
0.1 mV s-1 between 0.005 V and 3 V vs. Li/Li+ (Biologic, VMP3). Rate 
performance was measured by testing the cell at current rates of 100, 
250, 500, 1000, 1500 and 2000 mA g -1.
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