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Capacitive and pseudocapacitive behaviour of electrode-electrolyte interfaces is frequently characterized by cyclic voltammetry, providing insight into interfacial phenomena and surface or double layer structures. [1-3] In addition, cyclic voltammetry can be used to determine the electrochemical capacitance of materials applied in energy technologies such as supercapacitors and electrolysers. For high-power devices, internal resistance strongly influences the useful rate at which the device can be charged and discharged. Efficient determination of the capacitance and equivalent series resistance of devices is therefore a key tool in their development and assessment.

Modelling complex interfacial behaviours faces practical and measurement constraints, especially in real devices. Very detailed models reduce generality and increase the required measurement effort to determine parameters. Too simple models may miss critical effects and face reduced accuracy. Evaluation methods for a capacitive cyclic voltammogram (CV) often implicitly assume ideal capacitive behaviour, which - plotted in a CV as current versus applied potential - should result in rectangular graphs. Such results are rarely obtained in practice. Frequently, capacitive CVs instead show a tilted, lens-like shape. [4, 5] Evaluating such CVs as if they were ideally capacitive leads to erroneous capacitance values. An enhanced model may consider the influence of resistance, for example in the form of a series resistor. Then, the expected current response could be obtained analytically, if capacitance and resistance are known. In practice, both are usually unknown, and there is currently no way to obtain the equivalent series resistance and accurate capacitance from capacitive CV data directly.
The lens-like shape appears most pronounced when capacitance or scan rate is high. However, as the accessible capacitance of microporous materials may itself vary with scan rate, measurements at low scan rates do not provide reliable information on capacitance at high scan rates. [6] Similarly, to the extent that the apparent series resistance is a result of the complex interfacial behaviour, it may vary with scan rate and is not trivial to determine by other measurements.
Here, we present an equivalent circuit-based approach to determine capacitance and equivalent series resistance directly from cyclic voltammograms without increasing measurement effort. It thereby becomes possible to obtain accurate capacitance and equivalent series resistance values from lens-shaped CVs. This allows further investigation of the apparent series resistance to understand its origins [6], and provides an indication whether side reactions, for example the faradaic conversion of electrolyte species such as molecular oxygen, need to be considered to understand the CV. We provide a new open-source software, CVCaRe [7], that implements these calculations, to make the approach widely available. We demonstrate the approach on several examples of energy storage materials in two- and three-electrode configuration, including for example pseudocapacitive oxides, as well as carbon materials tested by our industry partner, Skeleton Technologies. 
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