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A positive effect of polyacrylic acid (PAA)/carboxymethyl 

cellulose (CMC) binder to enhance the performance of oxide-

based anode was reported in batteries. A series of super high 

capacity and cycle ability of oxide powders rarely achieved 

before were obtained, particularly most of them without any 10 

specific carbon modification and/or morphology controlling. 

Metal oxides have attracted great attention as anode material in 

the lithium-ion battery application owing to their higher 

theoretical capacity (> 800 mAhg-1) and reliable safe advantages 

than that of flammable commercial graphite (~372 mAhg-1).1 15 

Most oxide-based anode such as Fe2O3,
2 Fe3O4,

3a Co3O4,
3b 

NiO3c,d and CuO3e have the same lithium-storage mechanism via 

the reversible reaction of MOz + 2zLi+ + 2ze- ↔ M + zLi2O. 

Inevitably, the large volume change of the anode during the 

repeated charge/discharge always induce the pulverization of 20 

electrode and give rise to a poor cycle ability. Particularly, this 

problem could be further amplified in the current research of 

sodium-ion battery, because the volume variation of Na2O is 

much larger than that of Li2O due to the bigger radius of Na+ 

(~102 pm) versus Li+ (~76 pm). To date, especially in the field of 25 

lithium-ion battery, numerous excellent researches have been 

focused on preparing carbon coated (e.g., Fe3O4@C,3a 

SnO2@C4a), supported (e.g., RGO/Fe2O3,
2b CuO/CNTs,3e 

CoO/Graphene4b) and encapsulated metal oxide (e.g., PC-CoOx,
4c 

SnO2-NiO-C4d) to improve their cycling performance, owing to 30 

the protective ability and high electronic conductivity of carbon. 

However, the introduction of excess carbon would bring the 

flammable problem and also induce the lithium dendrite and 

reduce the capacity, let alone the complex procedures for carbon 

modification.3,4 Alternatively, the preparation of nano-structured 35 

metal oxides (e.g., solid or hollow particles,5a,b wires,5c tubes,5d 

arrays5e) are also of great interest due to their improved 

performance in lithium storage application. However, it would 

better to consider the cost and energy consumption, as well as 

environmental problems for the process of preparing 40 

nanomaterials in the practical application. Guided by the same 

logical research trend, in the area of sodium-ion battery, more and 

more works are also aiming synthesis the nanostructured metal 

(oxide) and oxide-carbon composite, such as CuO arrays,6a Sb2O4 

film,6b Sn fiber,6c C/Sn,6d Fe2O3/graphene,6e SnO2@MWCNTs6f; 45 

however, the cycling ability and capacity could be further 

improved in a large space, particularly via other convenient ways.  

Herein, we report a simple, fast but rather effective way to 

improve the electrochemical performance of oxide-based anode 

in batteries with using the PAA/CMC as binder. In this way, the 50 

metal oxides, such as Co3O4 and CuO thermally decomposed 

from metal nitrate, TiO2 hydrolyzed from tetrabutyl titanate, as 

well as normal powders of Fe2O3-C and NiO-C prepared via a 

simple ball milling, could show ultrahigh capacity and stability 

never reported before. This result should be a great breakthrough, 55 

because most oxides could exhibit excellent performance in  

batteries just varying a different kind of binder, rather than any 

complex carbon modification and/or any unique structure-

controlling. It would be considerably significant for the 

commercialization of oxide-based anode and also largely 60 

prompting the investigations in recent sodium ion battery.  

X-Ray diffraction (XRD) patterns confirmed that the 

crystalline structure of the powders belong to the normal Co3O4, 

NiO, CuO, TiO2 and Fe2O3 successively (Fig. S1). Scanning 

electron microscope (SEM) showed that they are aggregated 65 

particles without any uniform and ordered structure (Fig. S2), 

which were determined by the industrial scalable preparation 

method. Comparative capacity and cycling performance of metal 

oxide in lithium ion battery with using different kind of binders at 

the rate of 100 mA g-1 were demonstrated in Fig. 1. With using 70 

the traditional polyvinylidene fluoride (PVDF) as binder, the 

metal oxide, include Co3O4, NiO and Fe2O3 decay seriously in the 

initial 50 cycles, except that of CuO and TiO2 with a low capacity  
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Fig. 1 Comparative capacity and cycling performance of metal oxide at 

the current density of 100 mA g-1 with using different kind of binders. (a) 

PVDF, (b) PAA/CMC. Typical charge-discharge curves and CV of (c) 

Co3O4-PVDFand (d) Co3O4-PAA/CMC.  90 
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(Fig. 1a, Table S1). Alternatively using the PAA/CMC as binder, 

the capacity and stability of metal oxide, especially the Co3O4, 

TiO2 and CuO, become fantastic. They showed ultrahigh average 

capacities of 1216, 363 and 550 mAh g-1 correspondingly with 

capacity retention of 124%, 125% and 157% in the initial 90 5 

cycles. Note that the capacities of Co3O4 (1311 mAhg-1), TiO2 

(409 mAhg-1) and CuO (630 mAhg-1) at the 90th cycle were much 

higher than theoretical ones (i.e., Co3O4, 897 mAhg-1 CuO, 600 

mAhg-1; TiO2, 167 mAhg-1 versus 0.5 Li+) (Fig. 1b). They are the 

highest values never achieved before for pure metal oxide, 10 

especially without any carbon modification and structure-

tailoring. While for the NiO and Fe2O3, their second capacities 

were 762 and 1018 mAhg-1 with a capacity retention of 91.2% 

and 70.5% within 90 cycles (Fig. 1b). Clearly, the capacity and 

capacity retention were also largely increased compared to that of 15 

using PVDF (NiO, 607 mAhg-1, 70% retention; Fe2O3, 822 

mAhg-1, 22% retention within only 50 cycles), even the increased 

degree was little lower than those of Co3O4, TiO2 and CuO (Table 

S1). 

The clear difference of charge-discharge with using different 20 

kind of binders was investigated. Taking the Co3O4 as an 

example, the plateau of discharge curves of the Co3O4-

PAA/CMC electrode around 1.07 V was much longer than that of 

Co3O4-PVDF, demonstrating the high utilization of Co3O4 (Fig. 

1c-d). This result was further confirmed by the comparative 25 

cyclic voltammetry (CV). As shown in inset of Fig. 1c, the peaks 

around 1.07 V, corresponding to the redox couple of Co3O4/Co, 

became week and also moved toward low voltage till around 0.68 

V, further confirming a low utilization of Co3O4 and a trend of 

hard to react. By contrast, the position and intensity of peaks 30 

around 1.07 V were almost the same in the electrode of Co3O4-

PAA/CMC (Fig. 1d), which were well accordance with the high 

capacity and stable cycling performance. Moreover, comparing 

the two anodic peaks (i.e., 1.07&0.68 V, corresponding to the  

reduction of Co3O4 to Co) in the Co3O4-PVDF electrode, the 35 

single peak around 1.07 V in the electrode of Co3O4-PAA/CMC 

fully demonstrated that the reduction of Co3O4 was much easier 

to occur with using the PAA/CMC as binder, thereby also 

promoting its good utilization.  
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Fig. 2 (a) Cycling performance of NiO-C and Fe2O3-C. (b) Rate capability 

of different kind of metal oxide with using PAA/CMC as binder. 

Stimulating by the positive effect of carbon modification in 

previous literatures and also pursuing a convenient way to make 50 

the commercialization of all the possible oxide in practical 

application, the Fe2O3 and NiO powders with 10 wt% of carbon 

was ball milled simply, and we find that the capacity and stability 

of Fe2O3-C and NiO-C were further improved in the case of using 

PAA/CMC. As shown in Fig. 2a, the average capacities of Fe2O3-55 

C and NiO-C could achieve as high as 1204 mAhg-1 and 964 

mAhg-1 with a capacity retention of 96.0% and 99.3% in the 

initial 50 cycles. Such high capacity for Fe2O3 and NiO were hard 

to achieve previously,2, 3 and also they are much better than that 

of using PVDF binder (Fig. 2a). Except a superior cycle ability, 60 

the rate capability were also tested, and they showed very 

promising performance (Fig. 2b). For example, the sample of 

Co3O4 and TiO2, have capacities of 1057, 1065, 1018, 905, 618, 

262 mAhg-1 and 428, 402, 370, 307, 236, 160 mAhg-1 under the 

current density of 100, 250, 500, 1000, 2500, 5000 mAg-1 (Fig. 65 

S3, Table S2). After the high rate test, all the electrode could 

work back to the high values of 1171, 684, 462, 974, 1169 and 

1100, 980 mAhg-1 at 100 mAg-1, demonstrating the high stability 

of electrode. In this way, at least five kind of metal oxide, without 

or with a simple carbon ball milling, showed an extremely high 70 

capacity, superior cycling ability and good rate capacity. Note 

that the capacities of TiO2 around 160 mAg-1 at 5000 mAhg-1 

(30C, where define 1C = 167 mAg-1) and 462 mAhg-1 at 100 

mAg-1 was the highest value among all the TiO2 materials 

reported to date.7 75 
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Fig. 3 (a) Comparative cycling performance of Co3O4 and NiO-C in the 

sodium ion battery with using different kind of binders under the current 

density of 50 mA g-1. (b) Typical charge-discharge curves of Co3O4-

PAA/CMC. 85 

Compare to the previous literatures about the anode,1-6 it 

should be a great revolution to enhance their performance via 

such a simple but rather effective way to achieve the industrial 

requirement. Moreover, it could be further expanded to other kind 

of oxide in lithium and current sodium ion/sulfur/air batteries. 90 

Herein, we continually applied the electrode of Co3O4 and NiO-C 

in the sodium ion battery for the first time to investigate the effect 

of binders. The performance of electrode with using PAA/CMC 

binders were much better than that of using PVDF (Fig. 3). Under 

the current density of 50 mAg-1, the capacity and columbic 95 

efficiency of Co3O4 and NiO-C were 600 mAhg-1 (98%) and 237 

mAhg-1 (99%) with a capacity retentions of 73.2% and 71.4%  (vs. 

the 2nd cycle) in the initial 50 cycles. While for the electrode of 

using PVDF as binder, their capacity were only 300 and 150 

mAhg-1 with a capacity retention of 14.7% and 87.7%. Clearly, 100 

the positive of binder effect to increase the capacity and maintain 

the cycling ability was also obvious in the sodium ion battery. 

Although a slow decay still exist due to the large volume 

variation in the repeated discharge/charge process, this is the first 

time to introduce the metal oxide of Co3O4 and NiO in the 105 

sodium battery with such high capacity, which are much higher 

than typical reported TiO2
8 and most carbon-based materials.9 

Except the factor of different utilization that demonstrated in 

discharge/charge and CV curves (Fig. 1c, d), we further 

compared the electrode before and after cycling to study the 110 

reasons of improved performance with using PAA/CMC binder. 

For the electrode of Co3O4-PAA/CMC, there is no obvious 

pulverization after 90 cycles test comparing to the pristine one 

(Fig. 4a, Fig. S4a-d). However, in the case of using PVDF, a  
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Fig. 4 Comparative SEM images of electrode (a) Co3O4-PAA/CMC, (b) 

Co3O4-PVDF, (c) Fe2O3-PAA/CMC and (d) Fe2O3-C-PAA/CMC after 

cycling. Inset of (a) and (b) are EIS in the initial eight cycles. 

collapse and pulverization of electrode could be observed clearly 

after 50 cycles (Fig. 4b, Fig. S4e-h). The pulverization could also 20 

be found for the electrode of Fe2O3-PAA/CMC due to the larger 

volume expansion as compared with the pristine one (Fig. 4c, 

Fig.S5a). But it was largely decreased for the sample of Fe2O3-C 

(Fig.4d. Fig. S5b), in which the carbon could act as a buffer to 

protect the integrity of electrode. Preliminary result confirmed 25 

that the layer of PVDF around the oxide particles seems difficult 

to endure the large volume-variation of oxide, and therefore an 

obvious collapse and pulverization of particles occurred, followed 

which the solid electrolyte interphase (SEI) layer could be 

continually formed on the new naked sites of oxide, finally giving 30 

rise to a low utilization, capacity and poor stability. 

This result was confirmed by the fourier transform infrared 

spectroscopy (FTIR) (Fig. S6). The SEI layer, mainly consisting 

of Li2CO3 (~891cm-1), LiOH (~3625 cm-1), ROCO2Li (765 cm-1, 

and the peaks around 1700-1578 cm-1 ascribed to the stretching 35 

vibration of C=C&C=O),10 were clearly observed on the 

electrode. Besides, the typical peaks and intensity of Co3O4, 

around 645-678 cm-1 and 525-588 cm-1,11 become more obvious 

and stronger after cycling, clearly demonstrating the pulverization 

of Co3O4. The Co3O4-PVDF electrode after cycling demonstrated 40 

the stronger peaks of SEI layer and Co3O4 than that of Co3O4-

PAA/CMC, confirming the formation of thicker SEI on the 

Co3O4-PVDF electrode and the serious pulverization of Co3O4 

due to the lower adhesion ability of PVDF. As a result, the 

collapsed electrode was easily separated from the copper foil after 45 

disassembling the cell (Inset of Fig. S4f, Fig. 5a).  

While the polymer film of PAA/CMC around the oxide 

particles could largely endure the repeated volume-variation 

during the charge and discharge, therefore mainly keeping the 

integrity of electrode and promising a high utilization of oxide 50 

and stability (Fig. 5b). With using PAA/CMC as binder, the 

electrode were always close adhered on the copper foil after 

cycling (inset of Fig. S4b). The stronger adhesion could also be 

directly observed in the experiment of using the electrode contact 

with lithium metal (Fig. S7). For example, the electrode of 55 

Co3O4-PAA/CMC could be well preserved when it was directly 

contact with lithium metal for 10 min (Fig. S7a-b), but the 

electrode of Co3O4-PVDF collapsed and dropped fast from the 

copper foil (Fig. S7c-d). Moreover, the high stability of electrode-

PAA/CMC were also confirmed by the electrochemical 60 

impedance spectroscopy (inset of Fig. 4a-b). Detail information 

relate to the molecular structures, average molecular weight and 

specific functional groups of polymers deserve to be further 

investigated and expanded in future. Although the binder of PAA 

and/or CMC have been used in lithium ion battery before,12 all of 65 

them only focused on the Si-based anode and this is the first time 

to introduce them for the oxide-based anode with such ultrahigh 

performance rarely reported, particularly further expanding them 

into the current sodium ion battery. And also, preliminary results 

showed that the composite binder of PAA/CMC behaviors better 70 

than single PAA or CMC in the case of Co3O4, and the coulombic 

efficiency of 98.8% was always close to 100% (Fig. S8).  
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Fig. 5 Probable behaviours of metal oxide electrode on copper foil 

prepared from different kind of binders (a) PVDF and (b) PAA/CMC 

before and after the cycling. 

Conclusions 

We the first time reported the unexpected positive effect of  90 

PAA/CMC binder to the metal oxide anode for getting an 

ultrahigh capacity and stability, rather than mainly paying 

attention to the carbon modification or structure/composition-

tailoring. It is a much simpler, faster but more effective way to 

promise the performance. With using this kind of binder, one part 95 

of metal oxide (e.g., Co3O4, TiO2, CuO) could directly 

demonstrate fantastic behaviors, and the capacity were much 

higher than those reported before. Although another part of metal 

oxide (e.g., Fe2O3, NiO) still showed little decay, a higher 

capacity and stability could be also achieved combining with a 100 

simple ball-milling of oxide and carbon. This intriguing effect of 

binder was also obvious in the sodium-ion battery when the 

electrode of Co3O4 and NiO-C were used. Based on the results, 

we take an investigation on the reasons of such positive effect, 

and one part of plausible reason could be ascribed to the strong 105 

tolerate and adhesion ability of polymer films around the oxide 

particle from collapse. More importantly, herein we opened an 

alternative gate of choosing appropriate binders for oxide-based 

electrode to improve their performance; undoubtedly a series of 

researches concerning the binders could be progressed worldwide 110 

in the battery field. Together with the way of possible carbon 

modification and structure/composition-tailoring, a much higher 

capacity and cycle ability could be well achieved. 
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