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Abstract: A one-pot sol-gel autocombustion synthesis for carbon coated antimony 

microparticles has been developed for the first time. The initial capacities of this material were 

647 mAhg-1Sb vs. Li and 527 mAhg-1Sb vs. Na, with a good rate capability (8C: 398 and 356 

mAhg-1Sb vs. Li and Na respectively) and cyclability (cycle 120 capacity retention: 86% vs. 

Li, 91% vs. Na). The sol-gel syntheised Sb was found to be superior to commercial Sb of 

similar particle size (ca. 5 – 50 μm), which is attributed to the carbon coating. In situ Raman 

analysis was used to investigate key differences between the sol-gel synthesised and 

commercial antimony materials during the 1st cycle, and additionally demonstrated that upon 

charge both materials do not return to a crystalline material but instead to an amorphous phase 

represented by a broad feature centred at ca. 140 cm-1. 

 

  



1. Introduction 

The ability to manage and store energy is crucial to modern society, and a key family 

of devices capable of this are alkali metal-ion batteries. Both lithium- and sodium-ion 

batteries are seeing increasing interest in their potential use for a wide range of areas, 

from transportation and portable electronic devices to both stationary and grid storage. 

However, with this comes an increasing demand to improve a range of properties to 

make them more suitable for those applications [1–6]. 

Intermetallic negative electrodes (anodes) have received some attention due to their 

potential use as high gravimetric capacity materials. However, their high gravimetric 

capacity is often accompanied by a large volume change during 

intercalation/deintercalation, which can lead to pulverisation of the particles. This in 

turn can result in loss of electrical contact within the anode and damage to the surface 

of the intermetallic particles, leading to continuous solid-electrolyte interphase (SEI) 

formation/breaking and irreversible capacity loss [7–10]. Nevertheless, due to their 

attractive properties there is still considerable appeal in developing and improving these 

types of materials, particularly for sodium-ion batteries [11,12]. 

The intermetallic anode material antimony (Sb) has a number of properties that make 

it of potential interest. Capable of alloying with both sodium and lithium with a 

theoretical gravimetric capacity of 660 mAhg-1Sb (based on the capacity of M3Sb), even 

in its bulk form it is a reasonably attractive anode, with good reversibility at low to 

moderate current density [12–15]. Moreover, the use of antimony anodes offers a way 

to investigate and compare a wide range of lithium and sodium electrochemical systems. 

However, one key challenge is improving the electrochemical properties of antimony 

by increasing its rate capability and mitigating the stress and strain caused by volumetric 

changes during cycling.  



One approach is to prepare new and unique micro- and nano-structures [12]. 

Consequently there has been interest in using antimony both as a pure anode and as a 

composite with other materials. Research has been carried out into the lithiation of bulk 

microcrystalline powders and vacuum evaporated thin-film materials [13,15], 

antimony/carbon nanotube composites [16] and high-energy milled or chemically 

synthesised antimony nanocomposites [17–21]. Stable and reversible sodiation has been 

demonstrated for bulk antimony and in thin films [13,15], with work also having been 

carried out into sodiation of antimony/carbon fibres [22] and mechanically milled 

antimony/carbon nanocomposites [23]. Recently, nano-sized antimony particles were 

synthesised and, after additional processing, were able to demonstrate excellent rate 

capability and cyclability during both sodiation and lithiation [14]. However, these also 

exhibited poorer coulombic efficiencies than bulk antimony in the initial cycle, which 

has attributed to the larger surface area of the nanomaterials leading to increased 

decomposition of electrolyte during the formation of the SEI layer [11,14].   

Given that the surface stability of the antimony particles can dramatically affect the 

electrochemical behaviour of the resulting electrode, decorating the surface with carbon 

could well mitigate the effects of volume expansion and improve the cyclability of the 

material. One facile way to achieve this is to use a sol-gel synthetic route, as this method 

can often leave small traces of carbon residue on metal particles. Furthermore, since the 

chemistry of sol-gel syntheses has enabled the production of a wide range of materials 

with diverse nano- and micro-structures, some of which were used in lithium- and 

sodium-ion systems, a practical sol-gel route to produce antimony particles would be 

advantageous [24–31]. Given this, and thus the likely subsequent importance of 

electrochemistry occurring at surface, the use of in situ Raman spectroscopy presents an 



opportunity to investigate and understand these processes in relation to both the carbon 

decorated antimony surface and the near-surface of the antimony particle itself. 

However, until now few sol-gel routes have been developed for pure antimony metal 

particles. In part this is due to the difficulty of forming a stable sol with an antimony 

salt precursor, as well as the problem of controlling the oxidation, and thus combustion, 

of the carbon gel without oxidising the antimony metal particles. Nevertheless, by using 

a citric acid sol-gel route it is possible to mitigate some of these problems – the citric 

acid not only forms the gel, but may also be capable of chelating metal ions to form a 

more stable sol as well as facilitating their reduction [31–33]. Moreover, citric acid sol-

gel syntheses have previously been used to make nanoparticles of other metals [34] and 

metal oxides, implying that should a suitable route be developed it may then be possible 

to control and optimise the size of the resulting particles by controlling and optimising 

the synthetic conditions [35,36]. 

In this work we report, for the first time to our knowledge, a one-pot sol-gel synthesis 

of pure antimony metal particles. Furthermore, we use electrochemical and in situ 

Raman spectroscopy to analyse the properties of the synthesised material, and to 

compare these to those of commercial antimony. 

 

2. Experimental 

2.1. Overview of sol-gel antimony synthesis 

The citric acid sol-gel synthesis (Scheme 1) may be thought of as taking place over 

two general steps, i. Gelation and ii. Combustion. 

During i. Gelation, the antimony precursor (SbCl3) and the gelation agent (citric acid) 

are dissolved in ethanol, allowing the citric acid to complex with antimony ions and 

preventing reaction with water during the addition of small quantities of aqueous 



oxidising agent (NH4NO3). Given that citric acid has previously been shown to be able 

to act as a weak reducing agent [32], it seems likely some degree of antimony reduction 

takes place during this stage. After heating overnight, the gel has expanded to form a 

white, porous, solidified foam which is then ready for combustion. 

During ii. Combustion, the material is heated under an inert gas (argon). This initiates 

the thermal decomposition of the oxidising agent resulting in the release of, amongst 

others, oxygen gas, which then reacts with the hydrocarbon gel. It has previously been 

shown that thermal decomposition of nitrates in citric acid gels can result in the 

evolution of many gasses [34]. These include H2, H2O, CH4, NO, CO2, NH3 and NO2.  

Given that H2 and CH4 are reducing agents it seems reasonable to conclude that some 

degree of antimony reduction occurs during this step. After following a suitable heating 

regime (as described in 2.2.), the final product was obtained. Thus, by controlling the 

synthetic conditions (e.g. ratio of citric acid to antimony chloride, amount of NH4NO3 

oxidising agent, argon gas flow rate, etc.) it was possible to create the desired antimony 

product. 

2.2. Synthesis of sol-gel antimony microparticles 

Antimony trichloride (0.007 moles, 1 g) and citric acid (0.0083 moles, 1.6 g) were 

dissolved in ethanol (12 ml). Ammonium nitrate (0.025 moles, 2 g) was dissolved in 

water (2 ml). The two solutions were mixed and heated at 90 °C for approximately 0.5 

hr, forming a viscous yellow gel which was then poured into a ceramic boat and heated 

at 95 °C for 12 hr. The resulting white porous material was then heated at 180 °C hr-1 

under a constant argon flow (approximately 0.5 ml s-1) to 200 °C for 2 hr, before being 

cooled and ground. It was then heated again under argon at 180 °C hr-1 to 640 °C for 8 

hr before being cooled and ground to obtain the final product. 

2.3. Coin cell fabrication and testing  



Sodium and lithium electrolytes were prepared from 1 M sodium and lithium 

perchlorate (respectively) in dried, distilled propylene carbonate (PC), with 10 wt. % 

fluoroethylene carbonate (FEC) additive to improve cycling stability [13,14]. 

To evaluate the performance of the antimony particles, composite electrodes were 

fabricated by casting an aqueous mixture (antimony active material : carbon black 

(Super C Li, IMERYS) : sodium carboxymethylcellulose in a ratio of 64 : 21 : 15 % by 

weight) onto a copper foil current collector. Coin cells were assembled from CR2025 

coin cell parts, the prepared antimony electrodes, a glass fibre separator (Whatman) 

impregnated with the sodium or lithium electrolyte and sodium (Na) or lithium (Li) 

metal counter electrode. In all cases, cells were sealed in a glove box under air and 

moisture free conditions (O2 ˂ 0.1 ppm; H2O ˂ 0.1 ppm). The electrochemical 

measurements were performed at 30 °C using a Maccor Series 4000 battery cycler. All 

batteries were cycled in the 20 mV to 1.5 V potential range and the obtained capacities 

were normalised by the mass of antimony. Here the C-rate is defined for 1C as the 

current applied (660 Ag-1) to allow full discharge or charge within 1 hour. 

2.4. Other analyses 

Powder X-ray diffraction patterns were collected on a PANalytical X'Pert PRO HTS 

X-Ray Diffractometer operating in reflection mode with CoK1 radiation ( = 1.79Å).  

Scanning electron microscopy images were collected on a JEOL 6610 scanning 

electron microscope operating at an accelerating voltage of 20.0 keV.  

Raman electrodes were prepared from an electrode mixture (antimony active material 

: carbon black (Super C Li, IMERYS) : poly(vinylidene fluoride-hexafluoropropylene) 

co-polymeric binder (Kynar-flex, Arkema) in a ratio of 40 : 22 : 38% by weight) and 

dibutyl phthalate (Aldrich) dispersed in acetone and cast at a thickness of 40 µm onto 

glass. Once dry, the free-standing film was removed from the glass plate, the dibutyl 



phthalate plasticiser extracted using diethyl ether and 4 mm diameter electrodes were 

punched from the cast. These electrodes were then dried under vacuum at 90 °C, 

weighed and transferred into an argon filled glovebox (O2, H2O < 1 ppm) for Raman 

cell assembly. 

The electrode loadings were 3 mg cm-2, with a typical electrode mass of ~0.4 mg. 

The electrodes were then used as active material within an in situ Raman cell (ECC-

Opto-Std, El-Cell) with 1 M LiClO4 or NaClO4 in PC with 10 wt.% FEC and vs. lithium 

or sodium metal, configured as used in previous studies in which the cell assembly is 

described [37–39]. 

All Raman spectra, both in situ and ex situ, were recorded with a Raman microscope 

(Renishaw inVia) using a 633 nm wavelength laser focussed through a microscope 

(Leica) via a 50x objective (Leica). 

 

3. Results and discussion 

3.1. Material characterisation  

In Figure 1 A) the powder X-ray diffraction (PXRD) pattern of the sol-gel synthesised 

antimony is compared to those of a commercial antimony (Fisher Scientific, antimony 

powder ~200 mesh) and a ICSD (Inorganic Crystal Structure Database) standard (PDF 

number: 01-073-7856). There is a good agreement between the three powder XRD 

patterns, demonstrating that the bulk of the sol-gel antimony has no antimony oxide 

impurity. 

Figure 1 B) shows the scanning electron microscope (SEM) images of the sol-gel 

synthesised and commercial antimony. From this it can be seen that both materials 

consist of particles with a broadly similar size range (~5 – 50 µm). However, though 

there are similarities between the two materials in terms of the morphology (i.e. large-



to-small particles) and broad particle size range, the commercial material appears to 

have a more ‘corrugated’ surface in comparison to the sol-gel antimony (likely due to 

the choice of synthetic route). The sol-gel material, by comparison, appears to consist 

of particles with a smoother surface, likely partly due to the antimony salt being well 

dispersed throughout the sol-gel and partly due to carbon coating. Nevertheless, the 

similar size range and similar morphology enables comparison between the two 

materials.  

The Raman spectra of the two materials were taken, as shown in Figure 1 C). While 

both materials showed the expected antimony Eg and A1g bands, only the sol-gel 

synthesised antimony exhibited a signal attributable to the D and G modes of disordered 

carbon. It should also be noted that it is possible to observe differences in the positions 

of the sol-gel and commercial antimony A1g and Eg bands (sol-gel: 145 and 114 cm-1; 

commercial: 143 and 109 cm-1, respectively). It is possible to attribute these shifts to 

confinement and strain resulting from the carbon coating of the particles [40], while the 

shift in Eg band may also be related to increased background florescence from surface 

groups upon the carbon coating. The Raman spectra of the sol-gel antimony, taken from 

multiple particles throughout the sample, showed only bands attributable to Sb and 

carbon. The ratios of peak intensities were similar at all points, implying a relatively 

high degree of homogeneity at the 1 µm scale (i.e. the limit of resolution determined by 

the area of the Raman laser). 

In order to determine the amount of carbon present in both the sol-gel and commercial 

antimony materials, carbon, hydrogen and nitrogen were quantified using CHN analyses 

(see supplementary information, Table A1). Comparison between sol-gel and 

commercial Sb revealed a greater quantity of all three elements, but particularly carbon, 

for the sol-gel synthesised material (23.3 vs. 0.5 wt. % C for the sol-gel and commercial 



antimony materials respectively). This is perhaps unsurprising given that sol-gel 

methods, particularly when undertaken under an inert gas, have previously been shown 

to be able to decorate or coat synthesised materials in a carbon layer, often leading to 

improved electrochemical performance [41–43].  

3.2. Cyclability and rate capability 

To investigate the electrochemistry of the sol-gel and commercial antimony 

materials, coin cell electrodes were fabricated and cycled at either C/2 or varying C rates 

to produce the plots shown in Figure 2. Plots of cell potential vs. capacity were then 

extracted for both the sol-gel synthesised and the commercial antimony vs. Li and vs. 

Na, as seen in in Figure 3. 

From Figure 2 A) and C) it can be seen that vs. Na and Li the cyclability of the sol-

gel synthesised antimony (Cycle 120 capacity retention: 86% vs. Li, 91% vs. Na) is 

superior to that of the commercial antimony (Cycle 120 capacity retention: 45% vs. Li, 

16% vs. Na). Given that appropriate carbon coating can help mitigate the performance 

loss resulting from the cycling-induced antimony volume changes [17,44], it seems 

likely that the disordered carbon coating layer seen in the Raman spectrum is responsible 

for the superior performance of sol-gel synthesised antimony. The improvement in 

cyclability is even more noticeable vs. Na than vs. Li, and may be a result of the 

differences in expected volume changes [15] (~293% vs. Na, ~135% vs. Li) causing 

greater pulverisation of the commercial antimony due to the absence of surface 

protection comparative to the carbon coated sol-gel antimony. 

The initial capacity vs. Li for the sol-gel antimony (647 mAhg-1Sb) is close to the 

theoretical capacity of antimony (ca. 660 mAhg-1), and is higher than that of the 

commercial antimony (622 mAhg-1Sb), which is also likely due to the enhanced surface 

stability produced through the sol-gel route. The capacities of the initial cycles vs. Na 



are higher for the commercial antimony (582 mAhg-1Sb) than for the sol-gel synthesised 

antimony (527 mAhg-1Sb). This has been previously observed in other studies into 

carbon coated antimony [45–47], and may be a result of decreased diffusion of the larger 

sodium-ions through the carbon decorated interface.  

Due to the differences in cyclabilty, it is impossible to directly compare the rate 

capabilities of the sol-gel synthesised and commercial antimony materials. 

Nevertheless, by comparing the 8C (cycles 42 – 51) and C/2 data (cycles 52 – 50) from 

Figure 2 B) and D), it can be seen that the sol-gel material exhibits good rate capability 

vs. both Li (at 8C: 398 mAhg-1Sb, 70% retention) and Na (at 8C: 356 mAhg-1Sb, 72% 

retention). This is in contrast to the commercial vs. Li (at 8C: 285 mAhg-1Sb, 61% 

retention) but particularly vs. Na (at 8C: 48 mAhg-1Sb, 35% retention). 

Examination of the load curves of the antimony materials (Figure 3) reveals some 

differences. For both vs. Li and vs. Na the first cycle discharge of the sol-gel synthesised 

antimony plateaus at a lower voltage (~0.7 V vs. Li+/Li, ~0.4 V vs. Na+/Na) than that of 

the commercial antimony (~0.86 V vs. Li+/Li, ~0.55 V vs. Na+/Na) and those generally 

reported in the literature. Nevertheless, from the first cycle charge the sol-gel 

synthesised antimony does exhibit plateaus at the same voltages as those in the 

commercial antimony, implying similar alloying mechanisms in both. 

The lithiation of antimony is believed to proceed via one intermediary crystalline 

phase (Li2Sb), giving rise to two plateaus which are generally indistinguishable and 

occur below 0.9 V vs. Li+/Li [14,48,49]. Delithiation then proceeds directly from Li3Sb 

to Sb, giving one plateau at ~1 V vs. Li+/Li. This is in keeping with the observed results 

for the commercial antimony and the sol-gel synthesised antimony after the first 

lithiation. From the irreversible capacity data on cycling vs. lithium (see supplementary 

information, Table A2) it can be seen that although the first cycle irreversible capacity 



of the sol-gel synthesised antimony is larger than that of the commercial antimony, on 

subsequent cycles it is less. This would suggest that not all the capacity below 0.35 V 

vs. Li+/Li is irreversible. Moreover, this lower irreversible capacity would support the 

proposal that the sol-gel antimony is benefiting from some degree of enhanced surface 

stability. 

The sodiation mechanism is more complex, involving multiple crystalline and 

amorphous phases. Furthermore, the 1st cycle sodiation mechanism differs from that of 

subsequent cycles, giving rise to one observable plateau at ~0.5 V vs. Na+/Na on 

discharge for the 1st cycle and two observable plateaus at ~0.75 V vs. Na+/Na and ~0.5 

V vs. Na+/Na thereafter. Consequently, assignation of the exact electrochemical 

processes occurring at any given point is challenging, though studies for thin film [50] 

and bulk antimony [51] do exist which help to explain these mechanisms. After the first 

sodiation of the sol-gel synthesised antimony, on desodiation a flat plateau at ~0.75 V 

vs. Na+/Na and a sloping plateau at ~0.8 – 0.9 V vs. Na+/Na is observed. On subsequent 

sodiations, plateaus are observed starting at ~0.7 V, ~0.55 V and ~0.47 V vs. Na+/Na. 

These results are comparable to the commercial antimony, and are in keeping with the 

literature. Examination of the irreversible capacity data on cycling vs. sodium (see 

supplementary information, Table A3) shows less irreversible capacity for the sol-gel 

synthesised antimony from cycles 1 to 10, which would be in keeping with what would 

be expected for a material with enhanced surface stability. Although the sol-gel 

antimony has slightly greater irreversible capacity than the commercial antimony for 

cycles 60 and 120, that may be a facet of the former’s far greater charge and discharge 

capacity.  

Examination of the load curves shown in Figure 3 also reveals that the sol-gel 

antimony exhibits greater capacity below 0.35 V than the commercial antimony. Given 



the lower irreversible capacity of the sol-gel antimony, it is unlikely that this is SEI 

formation. Furthermore, a similar phenomenon has been observed for other carbon-

coated antimony materials [45–47], which indicates it is again a result of the carbon 

coating. 

3.3. In situ Raman spectroscopy 

To further explore the electrochemical processes undergone by the materials, in situ 

Raman studies were carried out on the prepared Raman electrodes of both sol-gel 

synthesised and commercial antimony vs. Li and vs. Na. Raman cells were assembled 

as shown in Figure 4, which were then cycled at a slow rate of 66 mAg-1Sb (C/10). It 

should be noted that, due to the requirements for a free standing electrode for in situ 

Raman analysis, the electrode formulation not optimised for long term cycling. The 

higher carbon fraction and PVDF based binder is less flexible for volume expansion, 

leading to a greater overpotential which is due to higher internal resistance. 

There is also noticeably greater SEI formation (2 to 1.5 V vs. Li+/Li, 1.2 to 0.75 V 

vs. Na+/Na) which is attributed to the reaction of FEC with the greater electrode fraction 

of carbon black (approximate ratios Sb : C, Raman cast 3 : 1, coin cell cast 2 : 1). 

In situ Raman spectroscopy was carried out on the sol-gel synthesised antimony vs. 

Li, as shown in Figure 5. It has previously been shown that the structure at OCP is 

trigonal A7 [52]. The A7 lattice system is rhombohedral and contains six atoms in the 

unit cell occupying 6c position, denoted as the Sb-I phase. This is seen spectroscopically 

as the A1g and Eg bands (at 150 cm-1 and 112 cm-1 respectively), which correspond to 

longitudinal and transverse motion within the structure respectively [52]. 

During lithiation there is no noticeable change in the Raman spectra until ~0.9 V vs. 

Li+/Li, indicating that this phase is stable up till then. At this point there is an observable 

decrease in the A1g and Eg bands as the long range features in the antimony are lost. This 



continues until 0.02 V vs. Li+/Li, at which point there no A1g or Eg bands are visible. 

Interestingly, the A1g band intensity decreases faster than the Eg band, implying 

lithiation affects the longitudinal order more rapidly. 

On delithiation to 1.5 V vs. Li+/Li the A1g band at 152 cm-1 re-emerges, suggesting 

that some degree of long range ordering is returning to the antimony system on 

delithiation. 

The sol-gel synthesised antimony does show some differences in comparison to the 

in situ Raman of the commercial antimony, shown in Figure A1. While the commercial 

antimony does exhibit a noticeable decrease of the A1g band, there is little change during 

the plateau. Afterwards the A1g band continues decreasing until ~0.2 V vs. Li+/Li, 

whereupon a decrease in the Eg band is also observed. However, unlike the sol-gel 

antimony, even when held at 0.02 V vs. Li+/Li it is still possible to observe the A1g and 

Eg bands, indicating some degree of long range order is retained. On delithiation there 

is little change to those A1g and Eg bands. This is due to some antimony particles 

becoming electronically disconnected during Li+ insertion and extraction as volume 

expansion occurs. The carbon coating can be attributed to maintaining improved 

electronic contact during ion insertion.  

When cycled vs. Na it is possible to observe changes in the Raman spectral series of 

the sol-gel synthesised antimony, shown in Figure 6, corresponding to structural 

changes within the material. During cell discharge no peak shift is observed, suggesting 

this phase is stable until 0.59 V vs. Na+/Na, where the intensity of both peaks decreases 

and diminishes. This is expected for an alloying mechanism between sodium and 

antimony [51]. 

Upon sodiation below 0.59 V vs. Na+/Na, it is possible to observe diminishing long 

range features for antimony. Here that is seen below 0.44 V vs. Na+/Na as the Eg band 



disappears into the noise [51,52]. The weak presence of the A1g band shows that some 

order remains within the structure [52]. This is most likely similar to the recently 

proposed phase of undersodiated Na3Sb or a-Na3−xSb upon the initial sodiation of the 

antimony structure [51]. 

This contrasts with the commercial antimony (see supplementary information, Figure 

A2), where the complete fade of the A1g band suggests that complete sodiation has taken 

place, forming the Na3Sb product. This could result from the carbon coating restricting 

sodium access to the sol-gel synthesised antimony. It may be that the carbon coating is 

hindering the diffusion of the larger sodium ions into the antimony particles, which 

would also explain the reduction in capacity compared to commercial antimony. The 

presence of a broad band at ~187 cm-1, seen in both the commercial and sol-gel 

synthesised antimony samples below 0.35 V vs. Na+/Na, may be attributable to a weak 

signal from a NaSb phase [53]. The appearance of a broad feature at ~165 cm-1, also 

seen in both materials, is indicative of host guest structures formed with the inclusion 

of sodium atoms. These type of structures have previously been characterised from 

Raman data of antimony, under pressure, as incommensurate monoclinic and tetragonal 

host guest phases [52]. 

Upon charge, both the sol-gel synthesised and commercial antimony structures do 

not return to a crystalline material, but instead to amorphous phases, represented by a 

broad feature in the Raman spectra centred at ca. 140 cm-1 (spectrum 14 in Figure 5, 6, 

A1 and A2). The appearance of a third feature (Figure 6, spectrum 14, 2.0 V) at ~160 

cm-1 suggests that a partial host guest structure has remained, with Na+ trapped within 

the antimony host. 

To investigate the effect of discharge/charge on the carbon present in the sol-gel 

synthesised material, Raman spectra were taken both vs. Li and vs. Na as shown in 



Figure A3 A) and B). From this it can be seen that, during lithiation, there is a noticeable 

shift in the G band from higher to lower wavenumbers (from ca. 1593 to 1543 cm-1), as 

well as a considerable decrease in the intensity of the D and G bands. This is in keeping 

with previous observations regarding the lithiation of amorphous carbons [54]. Hence, 

some degree of Li+ insertion is occurring not only in the sol-gel synthesised antimony, 

but also in the accompanying carbon coating. During sodiation there also appears to be 

a slight decrease in D and G band intensity, though not to the same extent as during 

lithiation. Thus the carbon coating was found to not sodiate to the same degree as it 

lithiates. Similar to the delithiation, the desodiation does not appear to be completely 

reversible. 

The difference in the degree of lithiation of the sol-gel synthesised antimony carbon, 

comparative to sodiation, may also be a contributing factor to the observed differences 

between the capacity of the sol-gel synthesised material when cycled vs. Li and vs. Na, 

with the carbon contributing to some of the larger capacity when cycled vs. Li. Given 

that we propose the carbon is also improving the cyclability of the sol-gel synthesised 

antimony this may mean that a more optimised synthesis, designed to leave only the 

minimum carbon necessary to improve performance, could result in a material with both 

greater cyclability and gravimetric capacity vs. Na. 

From the examination of the electrochemistry and in situ Raman spectra of sol-gel 

synthesised and commercial antimony materials, some observations may be highlighted: 

 The sol-gel synthesised antimony exhibits cyclability superior to that of the 

commercial material, likely due to the former’s carbon coating protecting against 

surface damage and the creation of electronically disconnected and inactive particles, 

resulting from volume changes on cycling. 



On the 1st cycle, the load curves show that the sol-gel antimony plateaus at a lower 

voltage than the commercial. This may be attributed to increased internal resistance 

resulting from the carbon coating. 

 The in situ Raman spectra of the sol-gel synthesised antimony exhibit some 

differences to those of the commercial antimony during lithiation and sodation. The A1g 

and Eg bands of the sol-gel antimony completely disappear indicating the loss of long 

range order. By contrast, in the commercial material these bands were still visible 

highlighting formation of electronic disconnected regions within the composite 

electrode. The in situ Raman spectra during sodiation are also of interest, showing that 

the sol-gel synthesised antimony does not appear to fully sodiate. It is proposed that the 

carbon coating restricts access for the larger sodium ions, reducing their ability to diffuse 

into the antimony particles.  

 Additionally, examination of the in situ Raman spectra of the D and G bands 

assigned to the carbon coating of the sol-gel synthesised antimony demonstrates 

variation in the behaviour vs. Li and Na. It is likely that the carbon coating is able to 

reversibly (de)lithiate to a slightly greater extent than it is able to (de)sodiate. Thus it 

may be that the carbon coating is able to contribute to some degree to the capacity of 

the material, and to do more so vs. Li than vs. Na. 

These insights, provided by the in situ Raman data, would explain why the sol-gel 

antimony exhibits a slightly better capacity than the commercial when cycled vs. Li, but 

an initially worse capacity when cycled vs. Na.  

Finally, it is worth noting that the cyclability and rate capability of the sol-gel material 

is superior to that of the commercial material, and compares favourably to recent 

literature reports [45–47], demonstrating the utility of this particular synthetic route.  

 



4. Conclusions 

In summary, a general sol-gel synthetic route to antimony particles has been 

developed. Even without any attempts to further optimise size or morphology this has 

resulted in the formation of particles of dimensions 5 – 50 µm. 

The synthesised sol-gel antimony has exhibited good electrochemical performance 

for a material with particles of this size (647 and 622 mAhg-1Sb vs. Li and Na 

respectively), when compared to both the commercial material (582 and 527 mAhg-1Sb 

vs. Li and Na respectively). It also demonstrated decent rate capability (at 8C: 398 and 

356 mAhg-1Sb vs. Li and Na respectively; 70% and 72% retention at C/2) and cyclability 

(Cycle 120 capacity retention: 86% vs. Li, 91% vs. Na). 

While these initial results for sol-gel synthesised antimony are promising for battery 

anodes, further work is necessary and should be carried out into investigating and 

optimising parameters in order to improve the materials electrochemical properties (e.g. 

through the use of capping agents, different antimony precursors, any form of ball 

milling / sieving or using different synthetic parameters such as different antimony 

precursors or gelation times). However, we have demonstrated that it should now be 

possible to exploit the tailorable nature of sol-gel synthetic routes to produce a wider 

particle size range of antimony materials than previously accessible. Thus we believe 

this work represents an important first step towards the wider use of antimony in future 

battery electrochemical studies. 

Finally, the use of in situ Raman to explore the 1st cycle charge and discharge vs. Na 

and Li has revealed key differences between the sol-gel and commercial antimony 

materials, which were then examined with respect to electrochemical behaviour. This 

has demonstrated the utility of in situ Raman as a complementary analytical technique 

for investigating alloying anode materials. 
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Scheme 1. Schematic diagram of sol-gel synthesis. 

  



 

Figure 1. A) PXRD patterns for sol-gel synthesised, commercial and ICSD standard antimony. 

B) Scanning electron microscope (SEM) images of the sol-gel synthesised and commercial 

antimony. C) Raman spectra of the sol-gel synthesised and commercial antimony. 

  



 

Figure 2. The cyclability and rate capability plots of sol-gel synthesised and commercial 

antimony vs. lithium (A and B respectively) and vs. sodium (C and D respectively). 1C is taken 

as being 660 mAg-1Sb, based on the theoretical capacity of antimony. 

  



 

Figure 3. The load curves of sol-gel synthesised and commercial antimony at C/2 rate vs. 

lithium (A and B respectively) and vs. sodium (C and D respectively).  

  



 

Figure 4. Schematic of Raman cell setup. 

  



 

Figure 5. In situ Raman spectroscopy data of sol gel synthesised antimony vs. lithium over 1 

charge/discharge cycle at 60µA g-1. 

 

  



 

Figure 6. In situ Raman spectroscopy data for sol-gel synthesised antimony vs. sodium over 1 

charge/discharge cycle at 60µA g-1. 

 


