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a b s t r a c t 

To date, a plethora of electrocatalysts for the Oxygen Evolution Reaction (OER) have been proposed. 

For evaluating their electrocatalytic behavior the determination of the onset potential in each studied 

electrolyte is a key parameter. Nevertheless, this evaluation becomes particularly problematic for first- 

transition metal catalysts as well as by the use of electroactive collectors ( e.g. Ni foams) whose redox 

peaks overlap the onset potential. A usual solution to detect the onset potential requires the availabil- 

ity of in-situ mass spectrometric determination of the generated oxygen. In this work, we present fast 

and easier available cyclic voltammetry and coulovoltammetric responses to determine the onset poten- 

tials of three benchmark electrocatalysts: a layered double hydroxide, a Prussian blue analogue and a 

β-Layered hydroxide. Cyclic coulovoltammetric responses allow, as we demonstrate here, a quantitative 

separation in the same potential range of the charge consumed by reversible (redox) reactions and the 

charge consumed by the irreversible reaction: the oxygen release. Quantifying the irreversible charges 

(that correspond to the OER) for different anodic potential limits permits the unambiguous determina- 

tion of both, the onset potential and the Tafel slope values without the catalyst redox contributions. As far 

as we know, this is the first time that this fast, available and cheap methodology has been applied for the 

OER determination. Thus, coulovoltammetry arises as a friendly and powerful tool for the investigation of 

electrocatalytic performances. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Water oxidation, also known as Oxygen Evolution Reaction 

OER), is considered as the energetic limiting reaction for water- 

plitting. It is a critical reaction for sustainable electrochemical fuel 

eneration and energy storage with major applications including 

olar water-splitting devices, electrochemical CO 2 reduction, and 

etal −air batteries and fuel cells [1–3] . Nonetheless, this reac- 

ion gives rise to an important energetic efficiency loss in water- 

plitting systems due to both, its slow kinetics (low current den- 

ity) and high overvoltage: the consumed energy is the charge con- 
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umed in a period of time multiplied by the overpotential. Good 

lectrocatalysts are required to minimize the energetic require- 

ents: a flow of very high currents at overpotential as low as pos- 

ible. In this context, a plethora of electrocatalysts have been pro- 

osed including earth-abundant compounds in their composition 

4–10] . Enormous effort s have been made to improve the electro- 

hemical performance, stability and integration of such electrocat- 

lysts [11–16] . One of the main problems in this field shows up 

hen we try to compare the different electrochemical parame- 

ers of the proposed electrocatalysts. In fact, these concerns have 

een addressed many times by the scientific community [17–22] , 

merging a precise determination of both, the OER onset potential 

nd the Tafel slope as the main problems. The onset potential is 

he highest (for cathodic reactions) or lowest (for anodic reactions 

uch as the OER) potential values at which a reaction product is 

roduced at a given electrode and defined conditions. As indicated 

bove it is one of the key parameters, next to the Tafel slope, for 

valuating the catalytic energetic performance of any electrocata- 
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yst and thus, it must be extracted with care. The onset and Tafel 

lope determination get even more complicated when the elec- 

rocatalysts include first-transition metals and/or the collector is 

lectroactive (such as nickel foam). In both cases, reversible oxida- 

ion/reduction reactions to give/reduce oxides and hydroxides usu- 

lly overlap (occur in the same potential range as) the onset po- 

ential. This makes it difficult to correctly estimate the Tafel slope. 

n addition, the overpotential required to flow a current density 

f 10 mA cm 

−2 is used as another parameter to compare differ- 

nt electrocatalysts. However, the presence of redox peaks can also 

ontribute to this current density that, additionally, is extremely 

ependent on the calculation of the area of the working electrode, 

aking this comparison difficult and imprecise [ 18 , 23 ]. To date, the

ypical solution to detect the onset potential involves the usage 

f a mass spectrometry equipment that detects the in-situ oxygen 

roduction [23–25] . Nevertheless this technique is only available in 

ew laboratories. 

In order to overcome these limitations, we propose here deter- 

ining the O 2 production of three different and well-known elec- 

rocatalysts (NiFe-LDH, CoFe-PBA and β-Co(OH) 2 ) during the redox 

rocess by means of the coulovoltammetric (QV) responses (which 

re attained by integrated voltammetry) to the application of po- 

ential cycles [ 26 , 27 ]. The proposed methodology, cyclic voltam- 

etry (CV), is very common in laboratories devoted to the de- 

elopment of new OER electrocatalysts. The breaking point pro- 

osed here is using, instead of the classical voltammetric (cur- 

ent/potential) responses, the less usual coulovoltammetric (QV, 

harge/potential) responses. 

. Experimental 

.1. Reagents 

All chemical reagents were purchased and used without fur- 

her purification. Potassium ferricyanide, cobalt (II) chloride hex- 

hydrate, nickel (II) chloride hexahydrate, iron (III) chloride hex- 

hydrate, triethanolamine (TEA), hexamethylenetetramine (HMT), 

odium carbonate and potassium hydroxide (99.99%) were pur- 

hased from Sigma-Aldrich. Ethanol absolute (EtOH) was pur- 

hased from Panreac. Carbon black, acetylene 50% compressed, was 

btained from Alfa Aesar (99.9%). The oxygen test was purchased 

rom Merk (1.11107.0 0 01). Milli-Q water was obtained from a Mil- 

ipore Milli-Q equipment. 

.2. Physical characterization 

Attenuated total reflectance Fourier-transform infrared (ATR- 

TIR): spectra were collected in an Agilent Cary 630 FTIR spec- 

rometer in the 40 0 0 −40 0 cm 

−1 range in absence of KBr pel-

ets. Energy Dispersive X-Ray (EDX) spectroscopy: EDX studies 

ere performed on a HitachiS-4800 microscope at an accelerating 

oltage of 20 kV without metallization process. Elemental analy- 

is (EA): Carbon and hydrogen contents were determined by mi- 

roanalytical procedures by using an LECO CHNS-932. Inductively 

oupled-Plasma Mass Spectrometry (ICP-MS): The ICP-MS analysis 

ere conducted at the Universidad de Valencia (Sección de Espec- 

rometría Atómica y Molecular). Samples were digested in an acid 

edium at 220 °C using a microwave oven. Transmission Electron 

icroscopy (TEM): TEM studies were carried out on a JEOL JEM 

010 microscope operating at 100 kV. Samples were prepared by 

ropping suspensions on lacey formvar/carbon copper grids (300 

esh). X-Ray Powder Diffraction (XRPD): XRPD patterns were ob- 

ained with a PANalytical X’Pert diffractometer using the copper 

adiation (Cu-Ka = 1.54178 Å) in the 5–50 region. 
2 
.3. Electrocatalysts synthesis 

.3.1. Layered Double Hydroxide (LDH) synthesis 

The LDH of NiFe-CO 3 was obtained by anion exchange reaction 

rom a NiFe-Cl. 200 mg of LDH NiFe-Cl was added to 100 mL of 

 water solution 0.2 M Na 2 CO 3 . Then the reaction was maintained 

or 24 h at room temperature and finally, the mixture was filtered, 

nd the yellow powder was washed with H 2 O and EtOH several 

imes and dried during 24 h in vacuum. 

The pristine LDH NiFe-Cl with Ni/Fe ratio of 3:1 was synthe- 

ized using a hydrothermal previous report by our group in Car- 

asco et al . [28] . Briefly, a 1:1 (v/v) ethanol/ water solution 20 mM

f metal cations with a relation Ni/Fe 3:1 and 0.1 M of TEA was 

ransferred to a Teflon-lined stainless steel autoclave. The autoclave 

as placed in a preheated oven at 120 °C for 6 h. Finally, it was

ooled to room temperature, and the final brown powder was fil- 

ered and washed with H 2 O and EtOH several times and dried dur- 

ng 24 h in vacuum. 

.3.2. Prussian Blue Analogue (PBA) synthesis 

The PBA of CoFe was synthesized at room temperature by 

dding, to 100 mL aqueous solution at 2 mL h 

−1 rate, aqueous so- 

utions of CoCl 2 •6H 2 O (5.0 mM, 10 mL) and K 3 [Fe(CN) 6 ] (5.7 mM,

0 mL) were added simultaneously. After completion of the addi- 

ion, the mixtures were stirred for half an hour before being cen- 

rifuged at 10 0 0 0 rpm for 20 min. The supernatant was removed, 

nd the powder was let dry under vacuum. 

.3.3. β-Layered hydroxide synthesis 

The β-cobalt hydroxide was synthetized by a previous reported 

29] . The synthesis was performed in a flask under an N 2 atmo- 

phere protocol. In a typical procedure, CoCl 2 ,6H 2 O and HMT were 

issolved in 1.5 L of a 9:1 mixture of deionized water and ethanol 

o give the final concentrations of 5 and 60 mM, respectively. The 

eaction solution was then heated at about 95 °C under magnetic 

tirring. After being heated for about 5 h, a suspension contain- 

ng pink particles is obtained. The solid product was filtered and 

ashed with deionized water and anhydrous ethanol several times, 

nd finally air-dried at room temperature. 

.3.4. Electrode preparation 

For the electrochemical measurements, a mixture of the LDH or 

BA or β-Co(OH) 2 , acetylene black, and PTFE in ethanol in a mass 

atio of 80:10:10 was prepared and deposited on a nickel foam 

lectrode. The as-prepared electrode was dried for 2 h at 80 °C. 

ach working electrode contained ~0.5 mg of the electrocatalyst 

nd had a geometric surface area of ~2 cm 

2 . Thus, the electrode 

ass loading achieved was 0.25 mg cm 

−2 . 

Modified LDH glassy carbon rotating disk electrode (GC RDE) 

as also prepared. An initial suspension was prepared by adding 

5 μL of 5% Nafion solution to 5 mg of LDH powder and 2.5 mg

f graphitized carbon and then dispersed in 1.25 mL of 1:1 (v/v) 

tOH/H 2 O and sonicated for 20 min. 5 μL of this dispersion were 

rop-casted onto a previously polished (sequentially with 1.0, 0.3, 

nd 0.05 μm alumina powder) 3 mm diameter RDE and dried at 

oom temperature for 30 min. 

.3.5. Electrochemical measurements 

The electrochemical tests were performed in a typical three- 

lectrode cell equipped with the modified Ni foam acting as the 

orking electrode and a platinum wire as the counter electrode. 

s the reference electrode, a silver-silver chloride (versus Ag/AgCl 

3 M KCl)) was used. All potentials were converted referring to the 

xygen evolution overpotential. An Autolab PGSTAT 128N potentio- 

tat/galvanostat was used to perform the electrochemical measure- 

ents. Oxygen Evolution Reaction measurements were carried out 
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Fig. 1. Coulovoltammetric (QV) responses and parallel voltammetric (CV) responses 

for a) NiFe-LDH, b) CoFe-PBA and c) β-Co(OH) 2 . All measurements were performed 

at 5 mV s −1 in a previously N 2 purged 1 M KOH aqueous solution. Overpotentials 

are calculated by subtracting the applied potential from the OER potential (E app –

E OER ). 
t 5 mV s −1 in a previously N 2 purged 1 M KOH aqueous solution.

he third cycle for each voltammetric experiment was analyzed 

after observing the same response in the second and the third cy- 

le). Prior to this, an activation process of the prepared electrode 

consisting of 30 voltammetric cycles between -0.3 V and 0.25 V) 

t 50 mV s −1 in a 1 M KOH aqueous solution was performed. This

ctivation process is carried out until the CV of the material is sta- 

le, ensuring the absence of new irreversible processes related to 

he material. 

Chronoamperometric measurements were carried out at con- 

tant overpotentials of 0.15 and 0.2 V for NiFe-LDH, 0.10 and 

.15 V for CoFe-PBA and 0.125 and 0.175 V for β-Co(OH) 2 , ap- 

lied to the working electrode during 1 hour using 30 mL of 

M KOH aqueous solution for each experiment. Gamry 1010E 

otentiostat −galvanostat controlled by Gamry software was used 

o perform these experiments. 

All electrochemical measurements were made ensuring that the 

eniscus that is generated around the electrode does not touch 

he alligator clips. 

.4. O 2 determination by Winkler titration 

After chronoamperometry measurements, the pH of the result- 

ng solution was adjusted to 6-8 by adding a N 2 purged H 2 SO 4 

.5 M solution. O 2 concentration was determined using the oxy- 

en test (1.11107.0 0 01). Essentially, the O 2 concentration was de- 

ermined after several reactions through iodometric titration. 

In this sense, a basic aqueous solution of MnCl 2 and KI is added 

o the previous solution. Under alkaline conditions, the dissolved 

xygen oxidizes Mn(II) to MnO(OH) 2 , converting the dissolved gas 

o a solid. Afterwards, in a strongly acidic solution, the dissolved 

n reacts with iodide to form iodine that is titrated with thiosul- 

ate by iodometric titration using starch as indicator. The initial O 2 

oncentration is thus determined from the consumed thiosulfate. 

To compare the different samples correctly, the O 2 was deter- 

ined after applying an overpotential for 1 h in 20.0 mL of a pre-

iously N 2 purged KOH 1 M solution in a sealed electrochemical 

ell. 

. Results and discussion 

.1. Coulovoltammetric (QV) response 

QV responses, which are directly provided by the software 

vailable in electrochemical equipments, have been mainly used 

o detect energetic asymmetries between oxidation and reduction 

eactions as well as structural changes occurring during those re- 

ctions. Moreover, these can also be used to detect the presence 

f parallel irreversible reactions of some of the electrolyte com- 

onents during the reversible oxidation/reduction reactions of the 

onducting polymer film [ 30 , 31 ]. Essentially, the QV cycle shows 

 Fig. 1 ) the evolution of the charge consumed by the material reac-

ions in parallel to the voltammetric response to the applied poten- 

ial cycle. The anodic branch includes the charge consumed to ox- 

dize the material in combination with the irreversible OER, while 

he cathodic branch only includes the charge consumed to re- 

uce the oxidized material. Accordingly, reversible and irreversible 

harges can be separated and quantified. Therefore, the charge cor- 

esponding to the OER ( i.e. irreversible charge) as a function of 

ifferent experimental variables can be attained and further ana- 

yzed. This technique is quite simple and shows up as a friendly 

nd potential tool to explore the onset potential and the Tafel 

lope. 

QV responses, when the software does not provide them di- 

ectly, are obtained by integrating the voltammetric results. The 
3 
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Table 1 

Onset potential and Tafel slope obtained for earth-abundant electro- 

catalysts by using QVs ( i.e. integrated voltammetry). 

Electrocatalyst Onset potential / V Tafel slope / mV dec −1 

NiFe-LDH 0.200 62 

CoFe-PBA 0.150 120 

β-Co(OH) 2 0.175 137 
harge density, C cm 

−2 , consumed by the reactions at each voltam- 

etric time (q t ) is: 

 t = 

t 

∫ 
0 

j ( t ) dt (1) 

here the integral is the area under the voltammetric response 

rom the beginning of the reaction (j = 0, mA cm 

−2 , for any poten-

ial, or time because potential and time are linked by the potential 

weep rate ν , mV s −1 , t (s) = V/ ν , below the standard potential of

he reaction). 

Here, oxidation reactions lead to positive charge increments, 

hile reduction reactions lead to negative charge increments. 

hen the voltammetric response only involves reversible redox 

rocesses of the electrodic materials, the positive charge incre- 

ent during the anodic potential sweep is equaled to the nega- 

ive charge increment during the cathodic potential sweep giving 

losed QV loops. When an irreversible reaction ( e.g. the oxygen 

volution) overlaps the formation of reversible metal oxides dur- 

ng the anodic potential sweep, the charge consumed during this 

nodic sweep (formation of reversible metal oxides plus oxygen re- 

ease) overcomes the charge consumed during the cathodic poten- 

ial sweep (reduction of metal oxides) giving open QV loops. The 

harge difference between the beginning and the end of the open- 

oop gives the charge consumed by the irreversible OER. Hence, 

V responses allow a good graphical separation, identification and 

uantification of the charges involved in reversible or irreversible 

eactions taking place in the same potential range. 

.2. Coulovoltammetric (QV) response for the electrocatalysts study 

The utility and the interest of using QV to analyze electro- 

atalysis are illustrated here by studying three different elec- 

rocatalysts: a layered double hydroxide (NiFe-LDH), a Prussian 

lue Analogue (CoFe-PBA) and a β-layered hydroxide ( β-Co(OH) 2 ) 

 28 , 29 , 32 ]. The full characterization of all the materials studied

an be found in the Supporting Information (Figs. S1, S2 and S3, 

espectively). 

Firstly, consecutive potential cycles were applied to NiFe-LDH, 

oFe-PBA and β-Co(OH) 2 electrodes at 50 mV s −1 using Ni foam 

ollectors as supporting metal electrode in a 1 M KOH aqueous so- 

ution previously purged by N 2 bubbling for 10 min under ambi- 

nt temperature. Figure S4 shows the 30 initial voltammetric re- 

ponses. After 15 consecutive potential cycles of electrocatalytic ac- 

ivation, the voltammetric and QV responses overlap getting sta- 

ionary responses ( Fig. 1 ). In this Figure, the reversible oxidation 

rocess of NiFe-LDH and cobalt-containing materials can be ob- 

erved between 0.20–0.30 V ( Fig. 1 a) and 0.15–0.25 V ( Fig. 1 b), re-

pectively [ 33 , 34 ]. These are typical CVs for first-transition metal 

lectrocatalysts. Their integration gives, in all cases, open coulo- 

oltammograms overlapped on the same Figure. We observe that 

he charge at the end of the cycle is shifted anodically with respect 

o the zero charge at the beginning of the potential cycle. This in- 

icates that a good fraction of the charge consumed by oxidation 

eactions during the anodic potential sweep was not recovered by 

eversible reduction reactions during the cathodic potential sweep. 

his is indicative of the existence of an irreversible process related 

o the OER. The charge gradient between the initial and the final 

oints of the QV cycle quantifies the charge consumed by the irre- 

ersible reaction in that potential range, q irrev . The total QV charge 

ensity (charge at the QV maximum minus charge at the QV min- 

mum) gives the total QV charge density, q t . The difference gives 

he charge density involving reversible oxidation/reduction metal 

rocesses in the studied potential range, q rev . As conclusion: 

 t = q + q rev (2) 
irrev 

4 
r, 

 irrev = q t − q rev (3) 

Our goal is to determine the potential where the irreversible 

xygen release (anodic reaction) starts. This irreversible charge is 

onsumed here to produce oxygen by water splitting: 

 irrev = q O 2 (4) 

It is important to remark that the reported methodology can 

e applied as long as the redox processes are reversible, while the 

rreversible reaction corresponds to the OER. In this sense, activa- 

ion cycles must be performed to get the same amount of mate- 

ial being oxidized/reduced in each voltammetric cycle and thus, 

inimize the irreversibility of the redox reaction (corrosion). On 

he other hand, this protocol would not be applicable in the cases 

here other irreversible reactions, non-related to the OER, which 

ould persist after the activation process are still present ( e.g. am- 

onia oxidation or formic acid oxidation). 

Using CV and QV responses and maintaining the other exper- 

mental parameters constant, we can now explore larger cathodic 

otential limits to confirm the existence and persistence of an ir- 

eversible oxidation process, and to exclude non-completed reduc- 

ion reactions (see Figure S5). In order to check that the electroac- 

ivity of each catalyst remains constant (without alteration of both, 

he position and the intensity of the redox peaks) voltammetric 

ontrols were performed on each material before and after the 

indow potential widening (Figure S6). 

.3. Onset determination by QV response 

Similar experiments were carried out fixing now the cathodic 

otential limit and varying the anodic potential limit (Figure S7). 

oth reversible and irreversible charge densities ( i.e. q rev and q O2 ) 

ise for increasing anodic potential limits. That means that both 

rocesses coexist in the studied potential range. Thus, a higher re- 

ersible charge is consumed when the anodic potential limit in- 

reases indicating that more metal atoms are oxidized at increas- 

ng anodic potentials to form the electrocatalytic species and, as 

xpected, higher irreversible charges are consumed in parallel by 

he oxygen production. Considering the reversible behavior of the 

etal reactions, q O2 can be easily extracted and analysed. 

The charges consumed by the oxygen evolution during poten- 

ial cycles performed up to different anodic potential limits are 

resented as points related to that potential limit, overlapped to 

 conventional CV in Fig. 2 . In agreement with the previous in-situ 

xperiment, the existence of q O2 during the redox process can be 

een [ 18 , 23 ]. The O 2 formation starts at 0.2 V, 0.15 V and 0.175

 for NiFe-LDH, CoFe-PBA and β-Co(OH) 2 (insights from Figs. 2 a, 

 b and 2 c), respectively. These values represent an unambiguous 

etermination of their respective onset potential ( Table 1 ). At this 

oint, it is important to note that the cobalt-containing materials 

how lower onset potential than the benchmark electrocatalyst for 

ER (NiFe-LDH). However, these materials exhibit slower kinetics 

owards OER as can be noticed by comparing the current densities 

t rising overpotentials. Indeed, an irreversible charge density of 

00 mC cm 

−2 is achieved at 0.30 V for LDH, while for the cobalt- 

ased materials studied this is achieved above 0.35 V. This aspect 
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Fig. 2. Evolution of the irreversible charge (q O2 ), blue points, in parallel to the 

voltammetric response full lines) to the cyclic voltammetry for a) NiFe-LDH, b) 

CoFe-PBA and c) β-Co(OH) 2 . The CVs were performed at 5 mV s −1 in a previously 

N 2 purged 1 M KOH aqueous solution. 
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5 
s a clear example that for the complete characterization of an 

lectrocatalytic material a precise determination of both the onset 

nd the Tafel slope is mandatory. 

.4. Tafel slope determination by QV response 

Best practices related to the Tafel slope determination recom- 

end the use of a rotating disk electrode in order to avoid the 

ontribution of mass-transport. Moreover, the use of low scan rates 

 ≤ 5 mV s −1 ) is indispensable to an accurate determination of Tafel 

lope [ 17 , 35 ]. Nevertheless, the conditions that are usually applied 

o characterize OER electrocatalysts do not involve forced convec- 

ion. Indeed, the most common substrates (which have a strong 

nfluence on the electrocatalytical performance [36] ) are Ni foam, 

lassy Carbon, graphite paper and Ti mesh since they improve con- 

iderably the OER performance or they are more available com- 

ared to RDE [37–41] . Indistinctly, regarding the study of first tran- 

ition electrocatalysts, the Tafel slopes are often estimated in the 

iterature inside the redox potential window leading to inaccurate 

alues and a huge dispersion between similar materials. 

By taking advantage of QVs, Tafel slopes corresponding ex- 

lusively to the OER can be calculated by using the q O2 rather 

han using the current densities where redox and OER processes 

re overlapped ( Fig. 3 ). The current density, j, and the consumed 

harge density at any overpotential are linked by Eq. 1 . In this sce-

ario, Tafel slopes of 62 mV dec −1 , 120 mV dec −1 and 137 mV

ec −1 are calculated for the LDH, PBA and β-Co(OH) 2 , respectively. 

omparing these values with the ones obtained by representing 

he current density ( i.e. including reversible and irreversible pro- 

esses), we notice that at low overpotentials the Tafel slopes are 

nderestimated due to the material redox reactions. In contrast, at 

igh overpotentials, the values are overestimated because the re- 

ction is under diffusion control. These results pinpoint QVs as an 

fficient and reliable technique to get a precise estimate of Tafel 

lopes, clearing out spurious information. 

Therefore, the separation of reversible and irreversible contribu- 

ions makes possible an accurate calculation of the Tafel slopes cor- 

esponding to OER. It is worth noting that now the separation of 

eversible and irreversible contributions facilitates a new approach 

or the calculation of this parameter corresponding to the OER. In 

iew of these results, the estimated values of the Tafel slope for 

iFe-LDH, CoFe-PBA and β-Co(OH) 2 are listed in Table 1 . 

Moreover, this methodology can be also employed to determine 

he onset potential and the Tafel slope of electrocatalysts measured 

n RDE when a redox peak overlaps the onset (Figure S8). 

.5. O 2 determination by Winkler titration 

To corroborate the information extracted from the QV, the Win- 

ler Method [42] was used to determine the presence of dissolved 

 2 in the solution after applying a fixed overpotential near the es- 

imated onset potential. To do so, chronoamperometries were per- 

ormed at different overpotentials during 1 h (Figure S9) and the 

esulting O 2 dissolved in the aqueous solution was analyzed in 

riplicate. For all the electrocatalysts, the application of the over- 

otential indicated by QV as the onset gives rise to a constant 

urrent of around 10 μA cm 

−2 , which can be associated with the 

ER. In addition, lowering the applied voltages slightly by 0.05 V 

eads to current densities of almost 0. These facts were confirmed 

y measuring the dissolved O 2 concentration in the resulting solu- 

ions. Previously, to ascertain the precision of this determination, 

he dissolved O 2 was analyzed at different overpotentials, observ- 

ng, as expected, a progressive increase of the produced O 2 with 

he overpotential (Figure S10). The O 2 detected after applying the 

nset potential is considerably higher than that attained by polar- 
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Fig. 3. Tafel slopes of the different samples obtained using irreversible charges calculated from coulovoltammograms (left axis Fig. 2 ) and obtained using current densities 

values from CVs (right axis Fig. 2 ). The CVs were performed at 5 mV s −1 in a previously N 2 purged 1 M KOH aqueous solution. 
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zation below the onset potential (Figure S11). In this line, at over- 

otentials where the O 2 production is negligible, the detected O 2 

s barely the same as that attained from the blank solution, i.e. let- 

ing the solution 1 h without any applied voltage, which contains 

he O 2 coming from the air. 

. Conclusion 

In summary, we have used coulovoltammetry ( i.e. integrated 

oltammetry) responses at different anodic potentials in order to 

etermine the onset potential of three different electrocatalysts (an 
6 
DH, a PBA and β-hydroxide) from the irreversible charge con- 

umed by the Oxygen Evolution Reaction. As shown here, coulo- 

oltammetry permits the separation, identification and quantifica- 

ion of the charges corresponding to reversible (electrocatalyst re- 

ox reactions) or irreversible (OER) reactions involved in electro- 

atalysis. Moreover, the analysis of those irreversible charges per- 

its the calculation of the Tafel slope avoiding the parallel redox 

ontribution of the electrocatalyst. In consequence, QV is a poten- 

ial and useful technique in electrocatalysis to perform more pre- 

ise quantitative studies and comparison of new earth-abundant 

ater oxidation electrocatalysts. 
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