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Battery Research by Means of Atomic Force Microscopy 
Relevant for: Battery, Energy storage, Electrical properties, Conductive AFM, Surface roughness, Atomic 

force microscope 

Atomic force microscopy enables better understanding of the structure of electrodes for lithium 
ion batteries. Localized electrical properties and the surface topography were investigated and 
are shown to be very useful for optimized key performance indicators like high rate capability 

and capacity retention 

 

 
 
1 Introduction 

In recent years, a lot of efforts were made to increase 
the energy density, the power density as well as the 
cycle lifetime of lithium ion batteries to meet the 
growing demand for storage devices for mobile and 
stationary applications[1].  Herein, the focus is mainly 
set to the development of new materials like 
electrochemically active materials for the cathode[2]–[4] 
and the anode[5]–[7], binders[8]–[10] or current 
collectors[11],[12]. However, the electrochemical 
properties of an electrode are not only determined by 
the components itself, but also by their processing[13]–

[15] or by the electrode formulation[16]. 
In this work we show the influence of the amount of 
carbon black on the structure and the electrochemical 
properties of LiFePO4 electrodes. On one hand, the 
content of additives should be as low as possible to 
yield a high energy density. On the other hand, the 
content of additives should be as high as necessary to 
ensure the functionality of the battery electrode.   
Generally, carbon black serves as conductive additive 
in battery electrodes to enhance the electron transport 
between the electrochemically active particles. The 
aim of the study was to investigate how much carbon 
black is essential to realize high rate capable LiFePO4 

cathodes. For this purpose, LiFePO4 electrodes with 
0, 2, 5 and 10 wt% carbon black were prepared. The 
structure as well as the local electrical conductivity of 
the corresponding electrodes were investigated by 
atomic force microscopy. Finally, the electrodes were 
analyzed electrochemically.    
 
2 Experimental 

Atomic force microscopy investigations were 
performed by Tosca 400 AFM from Anton Paar. 
Tapping mode was used for topographic 
investigations using an AP-Arrow NCR cantilever with 
a typical resonance frequency of 285 kHz and a 
spring constant of 42 N/m. Conductive atomic force 
microscopy (C-AFM) was employed for measurement 
of local electrical properties using an AP-Arrow EFM 
cantilever with a typical resonance frequency of 75 
kHz and a spring constant of 2.8 N/m. The cantilever 
is coated with an electrically conductive coating of 
Pt/Ir. C-AFM detects the current between tip and 
sample due to the applied constant voltage. The 
applied voltage ranged from 10 - 500 mV. The 
experiments were done in ambient atmosphere and 
supported by an active anti-vibration isolation table 
and an acoustic enclosure. Both components 
minimize external sources of noise and are part of the 
recommended setup of Tosca series AFM by Anton 
Paar. The investigated samples were cathodes for 
lithium ion batteries composed of commercially 
available lithium iron phosphate (LFP, particle size is 
in the submicron range) as electrochemically active 
material, polyacrylic acid (PAA, Alfa Aesar®, 25 wt% 
solution in water) as binder and carbon black (CB, 
Super-P Li™, Timcal) as conductive additive. The 
amount of binder was kept constant and the ratio 
between LFP and CB was varied.  
Firstly, PAA was dissolved in a solvent mixture 
composed of 80 wt% ultrapure water and 20 wt% 
analytical grade ethanol. Subsequently, carbon black 
was added and the mixture was sonicated for 5 
minutes. After addition of LFP the suspension was 
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homogenized by means of ultrasound for 2 minutes 
and of a turbo mixer for 1 h. The resulting slurries 
were cast on aluminum foil (Alujet, thickness: 30 µm) 
by using an adjustable doctor blade (film width: 50 
mm). Afterwards, the electrodes were pre-dried for 8 h 
at a temperature of 90 °C under vacuum. Finally, 
circular electrodes with a diameter of 12 mm were 
laser-cut and dried at 90 °C for 24 h under vacuum. 
The final electrodes were amounted to LFP (95, 93, 
90 and 85 wt%), carbon black (0, 2, 5 and 10 wt%) 
and binder (5 wt%). The average mass loading of LFP 
was between 1.7 and 1.8 mg cm-2. 
Electrochemical measurements were carried out using 
Swagelok®-type three electrode cells. Lithium foil 
served as counter and reference electrode. 
Polypropylene fleeces soaked with electrolyte were 
used as separator. The electrolyte was a solution of 
1 M LiPF6 in ethylene carbonate and dimethyl 
carbonate (1/1, m/m). The cells were assembled in an 
argon-filled glove box. Cycling experiments were 
performed with a Basytec CTS Lab XL battery tester. 
These experiments were carried out in the range of 
2.8 and 3.8 V versus Li/Li+, applying various currents 
which corresponds to C rates between 1/20 and 16. 
The cycling experiments were carried out as triple 
determination and the average values of the 
capacities are shown as representative results. 
        
3 Results and Discussion 

3.1 Local electrical conductivity 

C-AFM detects the current between the tip and the 
surface for every measured location, i.e. pixel.  
 

 
Figure 1 Current mapping by C-AFM measurements of cathode 
layers with increasing content of carbon black (0, 2, 5, 10%) at 
10 mV bias voltage.  

 

Consequently, the acquired data can be used to 
create current maps that show the lateral distribution 
of the electrical conductivity. Figure 1 shows the 
results of C-AFM measurements on the 4 cathode 
layers with increasing content of carbon black in the 
functional layer from 0 to 10%. The results show 
increasing detected current with increasing content of 
carbon black. The color scale indicates that the basic 
conductivity of the surface as well as the current flow 
of highly conductive locations (current peaks) within 
one dataset increases significantly when the content 
of carbon black is increased from 0 to 10%. Figure 2 
shows the maximum detected current as a function of 
carbon black amount and bias voltage. The maximum 
current is the highest detected current value within the 
acquired dataset of 16000 pixels. 
 
 

 
Figure 2 Maximum detected current as a function of content of 
carbon black and bias voltage. Higher content of carbon black 
significantly increases the detected current. The plateau for 
higher bias voltages and carbon black amount is caused by 
saturation of the current sensor. 

 
 
As mentioned, the current significantly increases with 
increasing content of carbon black and bias voltage. It 
is important to note, that the observed saturation of 
the current for higher carbon black content and bias 
voltage is an effect of the current sensor, which has a 
maximum detectable current of 2200 nA. The same is 
observed for the mean detected current (see Fig. 3), 
which is calculated as the mean value of all detected 
pixels with a current higher than 1 nA. This is done by 
the “particle analysis” package of the Tosca analysis 
software.  
 
 

http://www.anton-paar.com/


 

D53IA032EN-A 3 www.anton-paar.com 

 
Figure 3 Mean detected current as a function of the amount of 
carbon black and the bias voltage. Higher content of carbon 
black significantly increases the current values. 

 
3.2 Surface roughness 

The coating, which is formed by aggregates/ 
agglomerates of different particles as a direct 
consequence of the manufacturing process results in 
a surface with high roughness. Such surfaces can be 
challenging for AFM systems with limited Z-range. 
Tosca 400 has a specified Z-range of 15 µm, making 
it the perfect tool for topographic investigations of 
rough surfaces. 

 
Figure 4 Height image of the sample with 5% carbon black 
acquired by tapping mode. The surface shows a granular 
structure with high roughness and aggregates/ agglomerates of 
particles. 

 
Topographic AFM analysis yields a 3-dimensional 
model of the surface, with XYZ coordinates for every 
measured pixel. The surface roughness can be 
directly calculated from the gained data. RMS height 
Sq according to ISO 25178 represents the standard  

 
Figure 5 Surface roughness as a function of content of carbon 
black. The root mean square (RMS) roughness significantly 
decreases with increase of carbon black content. 

 
deviation of the Z-coordinate and is one of the most 
widely used parameters to describe surface 
roughness. Figure 5 shows the result of RMS surface 
roughness as a function of the content of carbon 
black.The results show a decreasing surface 
roughness with increasing content of carbon black. 
This can be explained by the difference in particle size 
between the LFP powder and carbon black. The 
primary particle size of carbon black (50 – 100 nm)[17] 
is much smaller than that of LFP (submicron range) , 
thus the carbon black is filling inter-granular gaps, 
voids or pores which leads to generally smoother 
surfaces. 
 
3.3 Electrochemical characterization 

The cycling test started with a formation sequence at 
low C rates (1/20 up to 1/2), followed by a stability test 
over 75 cycles applying 1 C which is shown in 
Figure 7. Finally, the high rate capability up to 16 C 
was investigated (Figure 6). In general, the capacity 
decreases with increased applied current (C rate) 
which can be explained by the limited lithium ion and 
electron diffusion rates in LFP[18],[19]. Up to 1 C no 
significant capacity differences depending on the 
amount of carbon black are observed. However, the 
lowest capacity is obtained for the sample without 
carbon black whereupon the effect becomes more 
prominent with increasing C rate. The capacity 
difference is most obvious at 16 C whereupon the 
sample with 10 wt% carbon black reaches the highest 
capacity. Thus, it can be concluded that the electrical 
connection of the particles does not significantly limit 
the capacity at moderate C rates (up to 1 C). 
However, by applying C rates up to 16 C, the capacity 
of the electrodes is more and more dominated by the 
electrical particle connection.  
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Figure 6 Capacity of LFP electrodes depending on the amount of 
carbon black and the applied current (C rate) 

 
Hence, a direct correlation between the AFM 
measurements and the electrochemistry is found. The 
sample with the lowest surface roughness and the 
highest local electrical conductivity shows the highest 
capacity at a high applied current of 16 C. 
Independent of the amount of carbon black, the 
capacity is slightly increased within 75 cycles for all 
samples. It can be assumed that the electrode 
structure is slightly changed. Possibly more pores 
within the electrode are generated or the wetting with 
electrolyte is enhanced during cycling so that all parts 
of the electrode are reached during cell operation. 

 
Figure 7: Capacity retention recorded at 1 C of LFP electrodes 
depending on the amount of carbon black. 

 
As a matter of fact, the lowest capacity is observed for 
the sample without carbon black. However, by 
increasing the carbon amount from 2 to 10 wt% no 
difference in the available capacity is obtained.  
Finally, it can be concluded that the capacity retention 
of the corresponding electrodes is not affected by the 
amount of carbon black.       
 

4 Summary 

Atomic force microscope Tosca 400 has been 
successfully used to investigate the topography and 
the electrical properties of LFP electrodes on the 
microscale. The results show, that increasing content 
of carbon black in LFP electrodes enhances the 
electrical conductivity which can be understood by a 
better electrical contact between the LFP particles as 
well as to the current collector by the addition of 
carbon black. The surface roughness decreases with 
higher carbon black contents which can be 
understood by the smaller particle size of carbon 
black, effectively filling gaps, voids and pores between 
the functional particles. 
The results can be directly correlated with the 
electrochemical characterization of the LFP 
electrodes. The higher the local electrical conductivity 
and the lower the surface roughness the higher is the 
capacity at a high applied current of 16 C. The 
optimum amount of carbon black is between 5 and 
10 wt%.  
To conclude, atomic force microcopy is a powerful 
and efficient tool to correlate the structure of battery 
electrodes with their electrochemical properties. In 
contrast to other methods like scanning electron 
microscopy, atomic force microscopy enables to 
quickly investigate large areas of up to 100x100 µm in 
ambient environment. Hence, this method is also 
suitable for quality assurance for battery electrodes.  
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