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Abstract

This work demonstrates the role of lattice oxygen of metal oxide catalysts in oxygen evolution 

reaction (OER) as evidenced by isotope labeling together with differential electrochemical mass 

spectrometry (DEMS) method. Our recent report assessed this role for Co3O4 using a flow-through 

DEMS cell, which however requires a large volume of electrolyte. Herein, we extend this 

procedure to different Co3O4 catalyst loadings and particle sizes as well as the mixed Ag+Co3O4 

catalyst. We introduce, for the first time, a novel small-volume DEMS cell design capable of using 

disc electrodes and only < 0.5 mL of electrolyte. The reliability of the cell is demonstrated by 

monitoring gas evolution during OER in real time. This cell shows high sensitivity, high collection 

efficiency and very short delay time. DEMS results reveal that only the interfacial part (~ 0.2% of 

the total loading or 25% of surface atoms) of the catalyst is active for OER. Interestingly, the 

amount of oxygen exchanged on the mixed Ag+Co3O4 catalyst is higher than that on the single 

Co3O4 catalyst, which illustrates the improved electrocatalytic activity previously reported on this 

mixed catalyst. Furthermore, the real surface area of the catalysts is estimated using different 

methods (namely ball model, double layer capacitance, isotope exchange and redox peak 

methods). The surface area estimated from BET and ball model are comparable, but roughly three 

times higher than that of the redox peak method. Our method represents an alternative approach 

for probing the mechanism and real surface area of catalysts. 

Keywords: Water electrolysis; new DEMS cell; cobalt oxide; real surface area; isotope labeling
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1. Introduction

The development of a cost-effective and highly active catalyst is of significant importance for 

energy storage applications such as metal-air batteries and fuel cells. Oxygen evolution reaction 

(OER), in particular, is a central process in these energy technologies. In the last few decades, the 

intensive research has resulted in the development of materials with diverse electrocatalytic and 

redox properties.1,2 However, OER kinetics is still sluggish and the commercially used catalysts 

are based on precious metals.3

First-row transition metal oxides in particular Co-based materials4-6 are inexpensive alternatives to 

the state-of-the-art IrO2,
7,8

 and have significantly shown high activity for OER.9,10 Additionally, 

some bimetallic catalysts such as Ag+Co3O4 mixture4,11,12 have shown bifunctional oxygen 

activity.13 

In addition to the great efforts that have been exerted to explore highly active catalysts, substantial 

effort has been directed to understand the mechanism of OER.9,14,15 As a result, several reaction 

mechanisms have been reported15-18 and it is highly complicated to assign a single reaction step to 

oxygen electrocatalysis on oxide surfaces. In most of the previously reported mechanisms, changes 

in the oxidation states of the metal take place during OER, and thus are mainly responsible for the 

enhanced activity observed at cobalt-containing catalysts.4,19,20 Bergmann et al. reported that only 

the outermost part of the Co-oxide (1.8% of Co ions) takes part in the redox reactions.20 Switzer et 

al. demonstrated the conversion of Co(OH)2 to CoOOH and Co3O4 and compared their OER 

activity. CoOOH and Co3O4 showed to have the same OER Tafel slope when the current is 

corrected for the electrochemically active surface area, suggesting the importance of assessing the 

real surface area and that the active species in both materials is likely to be CoIV.21 Using X-ray 

photoelectron spectroscopy, we previously showed a reversible redox switching in Co3O4 when it 

is in contact with Ag in a mixture.4

A different mechanism, in which the lattice oxygen of the oxide catalyst is involved in oxygen 

evolution and formic acid oxidation, has been proven by mass spectrometry together with isotope 

labeling method.22-28 However, this OER mechanism may not be generalized to all metal oxides as 

it is dependent on the composition, structure and crystallinity of the material: Although most of the 

investigated catalysts including Co3O4,22 RuO2,29,30 IrO2,24
 Ba0.5Sr0.5Co0.8Fe0.2O3−δ

31 and highly 

covalent perovskites32 showed lattice exchange, others including NiFeOxHy,27 less covalent 

perovskites32 and oriented RuO2 thin films18 do not.  Using operando XAS, Schmidt and co-

workers have recently demonstrated the involvement of lattice oxygen in OER.31 In our previous 

report22 we showed using differential electrochemical mass spectrometry (DEMS) technique that 

the lattice atoms of Co3O4 participate in OER via an oxygen exchange process. In this study, we 

extend our investigations to other Co3O4 catalyst loadings and particle sizes as well as to the mixed 
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Ag+Co3O4 catalyst, a catalyst of outstanding activity. This work thus correlates the activity with 

the lattice oxygen exchange process in the oxide. 

In the last two decades, different designs of DEMS cells have been developed to accommodate the 

electrode’s geometry and the purpose of the experiment.33-37 For example, in our previous report22 

on isotope labeling experiments, we used the thin-layer flow-cell which needs large amount of 

electrolyte. The classical cell on the other hand has practical difficulty for employing solid 

particles by drop cast and dry method.24,33 Therefore, the high cost of the isotope labeled water 

consumed in the flow cell and the need for measurements with particle catalysts boosted us to 

develop a new small-volume DEMS cell design, and is presented in this work for the first time (see 

Fig. 1). In essence, this is a thin layer cell similar to that of ref 36,38, but the thin layer gap is 

variable. In our design, important features are achieved: The use of small disc electrodes (5 mm) 

and small electrolyte volume (≤ 0.5 mL) and particularly the very short delay time (≤ 2s), which is 

much less than that observed in other DEMS cells (~ 7−9 s)27,30,35,39 and the recent sniffer-chip cell 

(~ 3s for OER).40 The proof-of-concept of the new cell is examined for oxygen evolution by 

probing the delay time, the ionic current signals and the characteristic features of voltammograms.

In practice, measuring the real surface area under the same conditions of the experiment is 

important for catalyst assessment as the experimental conditions may change the state of electrode 

surface. Here, we determine the true surface area using several approaches (namely, the ball 

model, double-layer capacitance method, redox peak method and isotope exchange method). The 

results of these methods are compared to the BET data. Thus, this work highlights the importance 

of probing the mechanism and the surface area when assessing the catalyst activity. 

2. Experimental

The chemicals, electrode preparation and experimental details can be found in the supporting 

information.

New small-volume DEMS cell 

A schematic drawing and an actual photo of the small-volume DEMS cell are shown in Fig. 1. A 

common feature in most of DEMS cells is the use of a porous Teflon membrane interface which 

achieves a shorter delay time33,37 compared to other DEMS setups with a gas carrier.34,40 In our 

new design, a porous Teflon membrane interface is used.

For this cell, the working electrode is a GC bulk disc that allows the catalyst ink (e.g. Co3O4 

powder in ethylene glycol) to be easily drop casted and dried onto it (In contrast, this is practically 

difficult for cells that use a soft and shrinkable porous Teflon membrane as direct support for the 

working electrode. Flow-through cells, which also can accommodate such an electrode, have the 

disadvantage that the particle catalyst layer may not be stable enough under convective conditions 
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in addition to the higher electrolyte consumption). The disc electrode is then carefully installed and 

pressed into a Kel-F shaft so that both disc and shaft forefronts lie on the same planar level. The 

disc has a diameter of 5 mm (0.196 cm2). The shaft is an analogue to a RDE tip. It has a conical 

shape at the apex, as shown in the drawing, which results in good electrochemical performance. 

This shape is found to be important, after some trials with a pure cylindrical tip, as it allows a 

shorter distance between the disc and the reference electrode (ca. 3 mm). The tip containing the 

working electrode disc is inserted into a PTFE lid, and screwed into an upper Teflon mounting nut. 

The nut acts as a manipulator to control the distance of the working electrode from the Teflon 

membrane (range is from ~20 µm to ~3 mm). The Teflon lid tightly fits into the glass housing, 

which is made for a small-volume electrolyte. The glass cell is mounted on a stainless steel holder, 

which contains 5 mm diameter steel frit in the centre and is directly connected to a differentially 

pumped quadruple mass spectrometer MS (QMG-422, Pfeiffer). As an interface between the 

electrolyte and MS, a Teflon membrane is mechanically supported on the steel frit. 

a
)

b
)Fig. 1. a) Sketch and cross section of the new small-volume DEMS cell with its components, where 

1) copper contact pin, 2) Teflon mounting nut, 3) reference electrode connection, 4) Teflon lid, 5) 
Kel-F shaft, 6) glass bead, 7) disc working electrode, 8) steel frit, 9) stainless steel connection to 
MS, 10) mounting ring, 11) steel screw, 12) electrolyte, 13) glass housing, 14) counter electrode, 
15) electrolyte inlet and outlet, 16) gas outlet. b) Actual photo of the cell.

The working electrode was exactly facing the steel frit to allow efficient transfer of volatile 

products to MS. The working electrode was connected from the back side via a copper wire and a 

contact pin to get electrical contact with the potentiostat. Few tens of micrometers (~50 µm) is 

found to be the optimal distance between the working electrode and the membrane for our setup.
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A Pt wire, as a counter electrode, was inserted through the PTFE lid to the electrolyte. The 

reference electrode was a reversible hydrogen electrode (RHE). The reference electrode was 

electrically connected to the working solution via a salt bridge made of a Teflon tube filled with 

the same alkaline solution, and ended with a glass bead. All potentials in this work are referred to 

RHE. Ar-purging was achieved by a Teflon tube, which was immersed into the solution at certain 

distance from the membrane. The electrolyte was saturated with Ar for about 10 minutes prior to 

and during the experiment. All experiments were carried out at room temperature (25 ±1 oC). 

3. Results

3.1. Oxygen exchange in Co3O4 (50 nm) catalyst in 20% marked H2
18O solution

DEMS is a versatile technique that monitors the gaseous reaction products and intermediates of an 

electrochemical reaction spectrometrically. To test the reliability of the new DEMS cell, OER at 

Co3O4/GC was monitored. In this experiment, Fig. 2, we used a higher catalyst loading (400 µg 

cm-2) and isotope concentration (20%) compared to our previous measurements with the flow thin 

layer cell.22 In fact, the catalyst loading has an effect on the OER currents, where higher loadings 

led to higher OER currents, see Fig. S1. In a similar procedure to that in our recently published 

article,22 two series of experiments were conducted in the new cell: In series A, we performed the 

experiments in marked H2
18O solution to label the oxygen atoms of the Co3O4 with 18O atoms; 

while in series B the pre-labeled oxide was treated in unlabeled H2
16O solution to evolve O2. By 

monitoring the signals of different isotopic O2 (16O2, 16O18O and 18O2) we get information on the 

extent of oxygen exchange in the oxide. From these experiments we prove that the oxygen of the 

Co3O4 catalyst is involved in the OER mechanism. In series A of experiments, the cell was filled 

from the electrolyte reservoir using a Teflon tube inlet with the marked solution: 0.8 M LiOH 

solution containing 20% (w/w) of marked H2
18O. CVs and MSCVs were recorded between 0.05 V 

and 1.6 V vs. RHE for 6 cycles at a scan rate of 10 mV s-1. Afterwards, the potential was stopped 

at 0.4 V for electrolyte exchange for preparing for series B. Fig. 2a shows the respective 

voltammograms for the first 3 cycles. The ionic currents corresponding to 16O2, 16O18O and 18O2 

gases are clearly observable at potentials of OER (above 1.5 V), proving the successful operation 

of the cell. In MSCV, the ionic currents correspond to the pure OER process, while in CV the 

faradaic currents involve oxidation of Co3O4 at onset potentials of OER. Importantly, there is no 

significant hysteresis between anodic and cathodic scans in the MSCV, as compared to the thin 

layer cell33 or the Kel-F cell used by Krtil et al.30 The delay time in this cell is 1-2 s, as can be 

noticed from the CVs and MSCVs. This proves the efficient mass transport to the mass 

spectrometer in this cell.

Page 6 of 16

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

Fig. 2. CVs and MSCVs for OER (first 3 cycles) obtained at Co3O4 (400 µg/cm2 of 50 nm 
size)/GC electrode in the new small-volume DEMS cell in (a) Ar-saturated 0.8M LiOH solution-
containing 20% (w/w) marked H2

18O, and the upper potential limit is 1.6 V, (b) 0.8M LiOH/H2
16O 

after the electrode has been pre-treated in 0.8M LiOH/H2
18O. The upper panel displays the 

faradaic current, while the lower ones represent the ionic currents for m/z 32, 34 and 36. Scan rate 
= 10 mV/s.

In addition to the validation of the quality of the cell, we aimed to investigate the contribution of 

the oxide in OER and its mechanism. After evaluation of the signals, the mole fraction of 16O2 and 
16O18O was calculated and displayed in Fig. 3a. The results show an increase of 16O18O 

concentration with a concomitant decrease in concentration of 16O2 with each cycle, reaching 

steady-state values at the 4th cycle, see Fig. 3a. This indicates that the oxide indeed participates to 

some extent in OER. The assumption that the increase of 16O18O content in the evolved O2 could 

be due to the exchange of an 16OH by 18OH can be ruled out since such OH groups would more 

probably exchanged during electrolyte exchange. Thus, they would not show up during OER. The 

plotted points in the figure represent the average of three data points due to the uncertainty in the 

integration of the peaks. 

In series B, the marked solution was withdrawn from the cell using a syringe under constant 

potential of 0.4 V. The electrolyte was then replaced gradually while keeping a little of solution 

over the membrane; this process was repeated several times to ascertain the substitution of all the 

marked solution with H2
16O solution. The pre-labeled oxide was then scanned in the fresh 0.8M 

LiOH/H2
16O solution for 7 cycles. Fig. 2b shows the first three cycles. The signal for 18O2 is not 
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observable since its concentration is below limit of detection. The amount of 16O18O decreases 

with cycling reaching the final concentration of 18O in solution, while the amount of 16O2 

increases, see Fig. 3b. This directly proves the oxygen exchange mechanism and participation of 

oxide atoms in OER. The steady-state values were reached after the 4th cycle, and the isotope 

content at/in the oxide is similar to that in the solution, thus no further exchange takes place. The 

isotopic composition of the formed O2 correspond to a concentration of ~16.5 w% of H2
16O. The 

difference from the as-prepared solution (20 w%) can be due to some losses on the walls of the 

syringe during transfer and thus dilution of the marked solution by the rest of water on the walls 

and membrane of the cell before start of measurement.

Fig. 3. Plot of the isotopic content as a function of scan number for OER obtained at Co3O4 (400 
µg/cm2)/GC with scan rate of 10 mV/s in (a) 0.8M LiOH/(20 w%) H2

18O, (b) 0.8M LiOH/H2
16O, 

the electrode has been pre-treated in 0.8M LiOH/H2
18O. Data were taken from the experiment 

shown in Fig. 2. The uncertainty in X34 is ~ 2% and in X32 is ~ 0.3%. The plotted data points 
represent the average of three independent integrations.

To determine quantitatively the extent of oxygen exchange process, the number of moles of 

exchanged oxygen atoms of the oxide were calculated and compared to the total atoms and also 

surface atoms of the catalyst, following the same procedure and equations reported in our previous 

study.22 For this catalyst loading, a total of 13.5 nmol cm-2 oxygen atoms are exchanged, thus the 

amount of oxygen exchanged of the total oxygen atoms in Co3O4 loading is rex~ 0.2%. When the 

amount of exchanged oxygen is compared to the surface atoms obtained from the charge of the 

redox reaction Co3+/Co4+, we get the amount of exchanged atoms to the surface atoms yex~ 25% 

which are active and participate in the oxygen exchange process, see Table 1. For comparison, 

previous results on IrO2/Ti showed an isotope exchange of about 1-2% (few monolayers) of the 

total loading of the oxide.24,27

Moreover, the real surface area of the catalyst is determined using different approaches: i) The ball 

model in which the particles were treated as spheres with homogenous radius, ii) Double-layer DL 

capacitance approach in which a DL capacitance of the oxide of 60 µF cm-2 is considered9,41 

Page 8 of 16

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

although this value has a high degree of uncertainty. However, there are no well-accepted values 

for the DL capacitance for oxides including Co3O4 as they exhibit significant pseudo capacitance. 

iii) Redox peak method in which the moles of the surface atoms is calculated using the charge of 

the redox couple Co3+/Co4+ (peak at about 1.45 V), iv) Isotope exchange method based on the 

number of moles of atoms exchanged and v) BET analysis. Details of the procedure and the 

equations used for each method are described in our previous report.22 The results are summarized 

in Table 2 and compared in the discussion section. 

Oxygen exchange in Co3O4 (50 nm) in 50% marked H2
18O solution 

We also studied the behavior of the same catalyst but in a higher H2
18O concentration (50 w%) in 

solution and using higher upper potential limit (1.65 V), Fig. S2-S4. The results are displayed in 

Table 1 and revealed that the dependence of the isotope exchange ratio on the potential limit of 

scanning and the loading amount is not significant, see SI.

Table 1. Summary of results of oxygen exchange experiments at different catalysts and loadings.

Catalyst nt(O2-) /
nmol cm-2

rsurf / 
% rex / % yex /% rex /%# yex /%#

Co3O4 (40 µm) 100 µg/cm2 in 0.5 M KOH 
with 2% isotope till 1.62 V 22

1660 0.23 0.08 34 0.03 13

Co3O4 (50 nm) 200 µg/cm2 in 0.1 M LiOH 
with 10% isotope till 1.8 V22

3320 1.78 0.22 12 0.1 8.5

Co3O4 (50 nm) 400 µg/cm2 in 0.8 M LiOH 
with 20% isotope till 1.6 V

6640 0.79 0.20 25 0.05 6.4

Co3O4 (50 nm) 400 µg/cm2 in 0.5 M LiOH  
with 50% isotope till 1.65 V(1.6 V)

6640 0.63 0.15(0.2) 23(22) 0.07(0.1) 11(3)

Co3O4 (10 µm) 600 µg/cm2 in 0.8 M LiOH 
with 20% isotope till 1.61 V

9960 -- 0.03 -- 0.02 --

Ag+Co3O4 (50 nm) 10 w%, 400 µg/cm2 in 
0.5 M LiOH with 50% isotope till 1.65 V

664  -- 0.9 -- 0.3 --

Ag+Co3O4 (50 nm) 10 w%, 600 µg/cm2 in 
0.8M LiOH with 20% isotope till 1.65 V

664 -- 0.7 -- -- --

rsurf = nsurf / nt is the ratio of moles of surface atoms (from surface redox peak charge) to the total 
number of moles in catalyst loading. (Not applicable to the catalysts mixed with Ag, because the 
corresponding peak is not separable from that belonging to Ag)
rex: Exchanged oxygen atoms to the total oxygen atoms in the catalyst loading 
yex: Exchanged oxygen atoms to the oxygen atoms on the surface obtained from redox peak 
# Isotope exchange in H2

18O-free solution after Co3O4 labeling (i.e. in series B)

3.2. Oxygen exchange in Co3O4 (10 µm) in 20% marked H2
18O solution

It is widely recognized that the particle size of the catalyst influences its activity.28 Therefore, we 

investigated this effect using RRDE and isotope labeling measurements, see Fig. S5 and S6. The 

results (Tables 1 and 2) proved the isotope exchange mechanism also for the large particles. 

According to the ball model, this catalyst should have a surface area of only about one hundredth 

of that of the 50 nm catalyst layer. The BET data, however, show that the real surface area is much 
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larger due to the intrinsic roughness of these larger particles. The real surface area that is obtained 

from the isotope exchange method in Series A at the 10 µm catalyst is roughly half of that 

obtained at the 50 nm catalyst suggesting an even larger roughness effect than the BET data. 

Correspondingly, the percentage of active surface sites as determined from the isotope exchange is 

twice as large as for the 50 nm particles (24% vs. 12 %).

3.3. Oxygen exchange at Ag+ Co3O4 (10 w%) mixed catalyst in 50% marked H2
18O solution 

Recent literature showed that the mixed Ag 311+ Co3O4 catalyst has a marked catalytic activity for 

OER and ORR in alkaline media.4,11,12 Ag 311 stands for Ag particles from Ferro GmbH (and not 

for a crystallographic orientation). The enhanced bifunctionality was attributed possibly to a redox 

switching in Co3O4 (i.e. transitions between Co3O4 and Co(OH)2).4 We thus investigated OER on 

the mixed catalyst based on Ag 311 (1 µm) + Co3O4 (50 nm) 10 w% in 0.5M LiOH solution 

containing 50% (w/w) of marked H2
18O, as shown in Fig. 4a. The redox peaks observed in the CV 

are assigned to oxidation and reduction of Ag and cobalt and their oxides. Ag is oxidized to AgI
2O 

and then further oxidized to AgIAgIIIO2.11 

In series A of experiments on the mixed catalyst, an increase of 16O18O concentration with a 

concomitant decrease of 16O2 concentration with consecutive scans is observable, Fig. S7a. While 

in series B of experiments, a decrease of concentration of 16O18O with a concomitant increase in 
16O2 concentration with each cycle is noticed, see Fig. S7b. This behavior is similar to that 

observed on pure Co3O4 catalyst. Again, this supports the contribution of the oxide, and also could 

be the Ag-oxide since it is oxidized at higher potentials, in the oxygen exchange process. The total 

amount of 18O atoms exchanged during the successive scans corresponds to ~1% of the total 

loading with respect to only Co3O4 mass since Ag is mostly inactive for OER. The surface redox 

peak of cobalt oxide in the mixture is not separable from that belonging to Ag, and thus calculation 

of the rsurf and yex values is not applicable for the mixed catalyst. In series B, 0.3% is obtained, 

which is less than that in series A. This might be due to 18O interdiffusion or loss upon rinsing. 

The above results show that the amount of surface atoms in the mixed Ag+ Co3O4 catalyst taking 

part in the oxygen exchange mechanism is higher than that observed on Co3O4 catalyst (~1% for 

the mixed catalyst compared to 0.2% for the Co3O4 catalyst). Roughly 50% of the surface atoms 

are active (for isotope exchange) as compared to 12 % for the pure 50 nm Co3O4 catalyst. 

Therefore, the surface of the mixed catalyst is more active than that of Co3O4. This suggests that 

OER takes place at the interphase between Co3O4 and Ag particles is important for OER in the 

mixture, but also that a spillover of oxygen atoms seems to be involved. This is important for the 

interpretation of the improved catalytic activity observed on the mixed catalyst.4 Thus, the real 

surface areas obtained from BET, ball model and isotope exchange model revealed good 
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qualitative agreement, illustrating the suitability of the used methods for the characterization of our 

catalysts, as displayed in Table 2. However, the results based on the DL capacitance method 

deviate from the other methods which might be because part of the exposed surface is oxide and 

the rest is metallic Ag. 

Fig. 4. DEMS results for 6 cycles OER at Ag + Co3O4 (10 w%) (400µg/cm2)/GC electrode in the 
new small volume DEMS cell in (a) Ar-saturated 0.5M LiOH solution containing 50% (w/w) of 
marked H2

18O, scan rate=10 mV/s. (b) in 0.5M LiOH/H2
16O after the electrode has been pre-

treated in 0.5M LiOH/H2
18O. The upper panel displays the faradaic current, while the lower ones 

represent the ionic currents for m/z 32, 34 and 36.

4. Discussion

A comparison of the results of different approaches to estimate the true surface area including the 

amount of exchanged oxygen (n) is given in Table 2. For the small particle size catalyst (50 nm), 

the ball model, redox peak model and the BET data revealed relatively good consistency, which 

indicates their smooth surface. However, for the larger particles (40 µm), the surface area 

estimated from the redox peak method is much larger than that obtained from the ball model, 

which seems to be due to their roughness. The results also show that the DL capacitance method 

gives higher true surface area than the BET method as the BET-determined surface area has not 

direct correlation to the electrochemically active area. Moreover, as can be noticed from the Table, 

the true surface area (roughness factor) obtained from the redox peak method for Co3O4 (50 nm) is 

roughly one-third to half of the BET value, indicating that only a part of the surface is active for 

surface redox reactions. Exception is the experiment in 0.1M LiOH in the thin layer cell, where the 
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ohmic resistance was too high so that the peaks are not well separated, thus the uncertainty in peak 

charge could be high.22 In an independent experiment at Co3O4 (50 nm) with 1 mg cm-2 and 50 mV 

s-1 in RRDE cell, the area calculated using the redox peak method is roughly one-third of the BET 

value. This ratio is consistent with the results in our new cell. 

Moreover, the true surface area obtained from isotope exchange method is a fraction (roughly a 

quarter) of the surface area obtained from the redox peak method or corresponds roughly to 12 % 

of the BET surface, suggesting that only a part of the surface atoms is exchanged. In particular 

there is no indication of an exchange of subsurface oxygen atoms. No significant effect of catalyst 

loading on the amount of exchanged oxygen of the total catalyst is observed. However, larger 

surface area is obtained as the particle size decreases: the average true surface areas (obtained from 

isotope exchange experiments) are 0.007, 0.006 and 0.02 cm2
tr/g for the 40 µm, 10 µm and 50 nm 

Co3O4 catalysts, respectively. Additionally, the ‘active’ surface area (calculated from isotope 

experiments) for the 50 nm catalyst increases as the loading of the catalyst increases from 200 

µg/cm2 to 400 µg/cm2, but the surface area obtained from DL capacitance and redox peak methods 

does not increase accordingly, which could be due to the limited conductivity within the layer, see 

Table 2. The fraction of oxygen atoms of the catalyst participating in oxygen exchange mechanism 

approaches 0.2% of the total loading, independent of the loading. The true surface area of different 

sizes of Co3O4 was in the order: 50 nm>10 µm>40 µm which is reasonable, as depicted in Table 2.

Therefore, the transition from higher oxidation state oxide to lower oxidation state oxide, and thus 

releasing oxygen, is possibly involved during OER at Co3O4. This can be via an oxygen exchange 

mechanism, in which surface lattice oxygen atoms of the oxide are exchanged with oxygen atoms 

from the solution. A scheme correlating oxygen evolution reaction and the redox transitions in 

Co3O4 catalyst is proposed in Fig. 5. In this scheme, adsorption of OH− species via one electron 

transfer is the first step, and then followed by the formation of O−O bond in the OOH group. The 

terminal step involves the disproportionation of higher valent oxide (CoO2) to lower valent oxide 

(CoO), and thus releasing oxygen.

From the results of our work and the literature, isotope labeling experiments together with mass 

spectrometry studies have revealed that a lattice oxygen exchange mechanism is dependent on 

structure, composition, metal-oxygen covalency and crystallinity of the catalyst.18,23,27,32 For 

example, Shao-Horn et al. showed the lack of oxygen exchange on polycrystalline film and 

nanocrystalline particles RuO2 in contrast to the results of Wohlfahrt-Mehrens and Krtil and their 

coworkers who demonstrated the involvement of lattice oxygen during OER. This discrepancy 

might be due to the different surface crystallinity or the presence of defect active sites that are 

formed during the different synthesis procedures of polycrystalline RuO2.18,23 Another parameter 

that influences the involvement of lattice oxygen in OER is the metal-oxygen covalency as 
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demonstrated for perovskites by Shao-Horn et al.32 This difference in behavior emphasizes the 

critical role of the preparation conditions on the mechanism. 

Further application of the isotope labeling procedure to other catalysts and systematic investigation 

of the effect of potential window could be valuable for mechanistic investigations. Moreover, the 

new cell design, first, allows the use of small volume of electrolyte, second, offers the use of 

particle layers and in particular those which are not stable enough for working under flow-through 

conditions, and third, provides a very short delay time. The exploitation of these features could add 

new opportunities for future studies: characterization of submonolayer amounts of organic 

adsorbates on electrode surfaces because of its high sensitivity; batteries and fuel cells research as 

well as evaluation of enzyme activities. 

Table 2. Summary of results of estimation of true surface area of different catalysts and loadings 
using different methods.

Method

Catalyst

Ball 
model BET DL-cap. 

method

Isotope 
exchange 
exp. A

Surface 
atoms 

exchanged 
(per BET 

area)

Redox 
peak 
method

Isotope
exchange
exp. B#

Atr 
(cm2

tr/cm2
geo) 0.016 -- 12 0.72 2.1 0.28Co3O4(40µm) 100 

µg/cm2 in 0.5M KOH 
with 2% isotope till 
1.62V 22 n (nmol/cm2

geo) 0.03 -- 22 1.34
--

3.9 0.51
Atr 

(cm2
tr/cm2

geo) 39 33 140 3.9 32 1.8Co3O4(50nm) 200 
µg/cm2 in 0.1M LiOH 
with 10% isotope till 
1.8V 22 n (nmol/cm2

geo) 72 61 255 7.3
12%

59 3.4
Atr 

(cm2
tr/cm2

geo) 79 66 68 7.3 29 1.8Co3O4 (50 nm) 400 
µg/cm2 in 0.8 M LiOH 
with 20% isotope till 
1.6V n (nmol/cm2

geo) 145 122 126 13.5
12%

53 3.4
Atr 

(cm2
tr/cm2

geo) 79 66 105(89) 5.2(8) 23(22) 2.4(0.7)Co3O4 (50 nm) 400 
µg/cm2in 0.5 M LiOH 
with 50% isotope till 
1.65 V (1.60 V)* n (nmol/cm2

geo) 145 122 194(165) 9.7(15)
8(13)%

42(41) 4.5(1.3)
Atr 

(cm2
tr/cm2

geo) 0.6 14 25 3.4 -- 1.3Co3O4 (10 µm) 600 
µg/cm2 in 0.8 M LiOH 
with 20% isotope till 
1.61 V n (nmol/cm2

geo) 1.0 25 45 6.2
24%

-- 2.4
Atr 

(cm2
tr/cm2

geo) 8 6.6 77 3.2 -- 0.9
£Ag+Co3O4 (50 nm) 10 
w%, 400 µg/cm2 
in 0.5 M LiOH with 
50% isotope till 1.65 V n (nmol/cm2

geo) 15 12 142 5.9
50%

-- 1.6
Atr

(cm2
tr/cm2

geo) 12 9.9 44 3.8 -- 0.1
£Ag+Co3O4 (50 nm) 10 
w%, 600 µg/cm2

in 0.8M LiOH with 
20% isotope till 1.65 V n (nmol/cm2

geo) 22 18 81 7.1
40%

-- 0.2
# Isotope exchange in H2

18O-free solution after Co3O4 labeling (i.e. in series B) 
£ Calculations were done with respect to only the mass of Co3O4 (50 nm) in the mixture.
* Repeated experiments with different upper potential limit.
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Fig. 5. Proposed scheme for oxygen evolution reaction on cobalt-containing spinel catalyst in 
alkaline media. After one OER cycle, some of O-atoms in the oxide, Co2+O, will be exchanged 
with 18O atoms (red).

5. Conclusions

In this study, we extend our investigations of oxygen exchange process to different particle sizes 

of Co3O4 as well as to the mixed Ag+Co3O4 catalyst. For the first time, we present a new small-

volume DEMS cell design, which allows measurements on nanoparticle-modified disc electrodes 

and uses only sub-milliliters of electrolyte during measurement. The feasibility of the new cell is 

achieved by monitoring OER reaction. This cell shows a good performance and a very short delay 

time (1−2 s). We found that in H2
18O-marked solution, the concentration of 16O18O increases in 

parallel to a decrease in 16O2 concentration with each cycle before reaching a steady-state value. 

Thus suggests that the oxide takes part in OER. Only the outermost parts of the catalyst are active: 

~ 0.2 % of the total loading. Interestingly, the amount of oxygen exchanged on the mixed Ag + 

Co3O4 catalyst is higher than that at the single Co3O4, which can be a possible origin of the 

improved electrocatalytic activity previously observed on the mixed catalyst. The real surface area 

of the catalysts is estimated using different methods and the results are compared. The 

electroanalytical approach presented here can lead to more in-depth studies that promote advances 

in electrocatalysis and electroanalysis. 

Supporting Information

Experimental details; RRDE measurements; Additional isotope exchange results on Co3O4 (50 

nm), Co3O4 (10 µm) and the mixed Ag+Co3O4; SEM of the mixed catalyst.
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