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ABSTRACT: Investigating the interfaces between electrolytes and electrocatalysts during electrochemical water oxidation is of 
tremendous importance for an understanding of the factors influencing catalytic activity and stability. Here, the interaction of a well-

established, nanocrystalline and mesoporous Ca-birnessite catalyst material (initial composition K0.2Ca0.21MnO2.21·1.4 H2O, initial 

Mn-Oxidation state ~+3.8) with an aqueous potassium phosphate buffer electrolyte at pH 7 was studied by using various electron 
microscopy and spectroscopy techniques. In comparison to electrolyte solutions not containing phosphate, Ca-birnessite electrodes 

show especially high and stable oxygen evolution activity in phosphate buffer. During electrolysis, partial ion substitutions of Ca2+ 

by K+ and OH- / O2- by HnPO4
(3-n)- were observed, leading to the formation of a stable, partially disordered Ca-K-Mn-HnPO4-H2O 

layer on the outer and the pore surfaces of the electrocatalyst. In this surface layer, Mn(III) ions are stabilized, which are often assumed 

to be of key importance for oxygen evolution catalysis. Furthermore, evidence for the formation of [Ca/PO4/H2O]- complexes located 
between the [MnO6] layers of the birnessite was found using Ca 2p and Ca L-edge the soft X-ray synchrotron-based spectroscopy. A 

possible way to interpret the obviously very favorable, “special relationship” between (hydrogen)phosphates and Ca-birnessites in 

electrocatalytic water oxidation would be that HnPO4
(3-n)- anions are incorporated into the catalyst material where they act as stabilizing 

units for Mn3+ centers and also as “internal bases” for the protons released during the reaction. 

1. INTRODUCTION 
One major bottleneck for the production of hydrogen by electro-

chemical water splitting is the sluggish kinetics of the oxygen evo-

lution reaction (OER).1,2 Here, the rational design of better electro-
catalysts requires a better understanding of the mechanisms con-

trolling OER activity and stability. 

Inspired by the oxygen-evolving complex (OEC) of photosystem 

II - a Mn4CaO5 cluster which constitutes the OER active site in bi-
ological photosynthesis - a large variety of manganese oxide 

(MnOx) catalysts has been studied as potential synthetic OER cat-

alyst materials.3–11 Beside some crystalline binary or ternary man-

ganese oxides, disordered MnOx materials with a low degree of 
long-range order often show a high intrinsic catalytic activity.11–19 

For some crystalline systems, the formation of catalytically much 

more active nanocrystals or disordered surface layers during the 

OER process has been observed.5,6,20–22  
Among the different less-ordered manganese oxides, birnessites 

have been identified as especially promising OER catalysts show-

ing both high activity and stability.13,16,23 The birnessite structure is 

built up from edge-sharing [MnO6]-octahedra forming extended 
layers. The stacking of the layers in c-direction depends on the 

amount of incorporated water and the type of additional cations and 
typically results in an interlayer distance of is about 7 Å.13,16,24 

Many different cations can be present in birnessite-type materials 

(s-block metal cations are most common) and these lead to different 
degrees of crystalline order as well as different ion exchange  

properties in contact with aqueous solutions.25,26 

Previous studies have shown that the OER activity of birnessites 

is influenced by various parameter such as their crystallinity, type 
and concentration of additional cations and synthesis parameters 

(especially sintering temperatures). For cation incorporation into 

the birnessite structure, an upper concentration limit is usually ob-

served, which is e.g. Ca : Mn ~ 0.6 for Ca2+ .27 
In previous investigations on birnessite-catalyzed OER by some 

of us, a synthetic birnessite with an approximate composition of 

K0.20Ca0.21MnO2.21·1.4 H2O emerged as especially active catalyst 

material in both chemical (Ce4+ oxidation) and electrochemical 
OER screenings.23,27 When immobilized onto FTO substrates, sta-

ble current densities of ~1 mA·cm-2 could be reached in neutral, 

phosphate buffered electrolytes at overpotentials of η ~ 500 mV.28 
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Detailed X-ray diffraction and X-ray absorption spectroscopy in-
vestigations of this and closely related synthetic Ca-birnessites in-

dicated little long-range, in-plane order and also irregular stackings 

of the [MnO6]-layers.13,14,16 N2 sorption experiments revealed a 

mesoporous structure with quite high surface areas of SBET ~ 50-
250 m2·g-1 (mainly depending on the reaction temperatures used 

during post-synthetic sintering) and average Mn oxidation states 

were found to be in the range between +3.3 and +4.0.13,14,16,27 The 

latter observation indicates, that the Mn valence state within the 
birnessite structure can be reversibly changed - a material property 

which might be of general, crucial importance for OER catalysis by 

transition metal oxides.11,14,29–33  

Additionally, manganese oxides with oxidation states close to 
+3.0 exhibit labile Mn-O bonds due to the typical Jahn-Teller dis-

tortions of the octahedral coordination spheres of Mn3+ cations (hs-

d4), which might promote OER catalysis.3 Indeed, oxides rich in 

Mn3+ often show much higher OER activities than Mn(IV) materi-
als.15 On the other hand, the higher charge of Mn4+ seems to inhibit 

the decomposition of Mn(IV) compounds, as e.g. exemplified by 

the OEC of photosystem II.33  

Concerning MnOx corrosion in aqueous media, the Pourbaix di-
agram for Mn suggests dissolution via solvation of Mn2+ for acidic 

pH, whereas dissolution of Mn via the formation of permanganate 

MnO4
- at high anodic potentials is expected for neutral to alkaline 

pH.34 Both corrosion routes would result in Mn depleted surface 
layers, and these have indeed been found experimentally.35 On the 

other hand, such corrosion processes might be compensated by re-

pair steps, as e.g. found by Najafpour et al. for reactions of a K0.25-

birnessite with Ce4+. Here, the corrosion products MnO4
- and Mn2+ 

were found to react back to a stable, layered (K,Ce)MnOx com-

pound, which catalyzed the OER for 15 days without degradation 

or leaching of manganese.35,36 Finally, it has been proposed that re-

dox inert ions like Ca2+ can stabilize MnOx and / or facilitate the 
formation of modified and open structures for water oxidation.35,37  

Overall the literature data discussed so far hints at a general im-

portance of additional cations for the OER performances of birnes-

sites, not only by influencing the Mn valence state but also by in-
creasing the stability of these MnOx-based (electro)catalysts. Con-

sequently, the composition of the electrolyte should be carefully 

chosen in order to control possible cation exchange processes. 

In this study, Ca-birnessite coated electrodes were prepared by 
screen printing the previously mentioned, optimized OER catalyst 

material K0.20Ca0.21MnO2.21·1.4 H2O on fluorine-doped tin oxide 

(FTO) as conductive support material following an established and 

already optimized method.28 In order to study the influence of ion 
exchange reactions on the electrochemical OER activity and stabil-

ity as well as the material’s microstructure, the Ca-birnessite  

anodes were operated in three different, near neutral aqueous elec-

trolyte solutions: a potassium phosphate buffer (pH 7), solutions of 
imidazolium sulphate (pH 7.4) and potassium sulphate (pH 7). 

Structural analyses of the electrodes’ surfaces and bulk material 

were performed using transmission and scanning electron micros-

copy (TEM/SEM). To gain further insights into the interaction of 
the electrolyte with the MnOx catalyst, we investigated the chemi-

cal compositions, Mn valence states and coordination environ-

ments by electron energy-loss spectroscopy (EELS)  
element mapping, energy-dispersive X-ray spectroscopy (EDX), 

X-ray photoelectron spectroscopy (XPS) and near edge X-ray ab-

sorption fine structure (NEXAFS) at the Ca and Mn L-edges. The 

results hint at a special, favorable interaction between birnessites 
and phosphate-containing electrolytes, explaining why phosphate 

buffers might be the medium of choice for birnessite-catalyzed 

OER at near-neutral pH.  

2. EXPERIMENTAL SECTION 
Please consult previous publications and the supplementary in-

formation for details of the synthesis of the Ca-birnessite catalyst 

material, the preparation of MnOx-coated electrodes by screen-

printing, the exact compositions of the electrolytes as well as the 
electrochemical measurements.23,28 

SEM, EDX and cross-section imaging. SEM analysis was car-

ried out with a Nova NanoSem 650 in-situ SEM from FEI. A 

“through the lens” (TTL) detector was used to take images at an 
acceleration voltage of 10 kV. For energy-dispersive X-ray spec-

troscopy (EDX), an Oxford Instruments X-Max detector was em-

ployed. The quantification of the Ca/Mn and P/Mn ratios was per-

formed with line-scans of a minimum of 10 points and 100 s of ac-
quisition time per point over a range of ~ 60 µm. The EDX accel-

eration voltage was 20 kV. Cross-section samples used for SEM 

imaging were cut using a Nova Nanolab 600 focused ion beam 

(FIB) system from FEI (ion acceleration voltage 30 kV). For the 
pristine sample, a protective layer of platinum was first deposited 

via electron beam induced deposition, followed by a thicker Pt 

layer fabricated by ion beam induced deposition. After rough cuts 

with 3 nA currents, cleaning cuts of the cross sections with 0.3 nA 
were carried out. The images of the cross sections were taken at an 

acceleration voltage of 5 kV and an angle of 52° using the TTL 

detector. 

TEM lamellae preparation and (S)TEM analysis. Electron-
transparent cross-section lamellae of ~ 4 µm thick electrodes be-

fore and after electrolysis were prepared by means of the FIB sys-

tem described above. In order to avoid an overlap of the P and Pt 

signals, no protective Pt layer was applied in this case. For the 
200 nm thin electrodes, the lamellas were prepared by conventional 

cutting, dragging and ion milling using a Gatan Model 691 preci-

sion ion polishing system (PIPS). The TEM investigations includ-

ing imaging, electron energy loss spectroscopy (EELS) and EDX-
measurements were performed using an aberration corrected FEI 

Titan electron microscope with 300 keV electrons. For this micro-

scope, the information limit in high vacuum is about 0.08 nm. High 

angle annular dark field (HAADF) imaging was performed in scan-
ning transmission electron microscopy mode (STEM). The STEM 

capability combined with EELS gives access to the local chemical 

composition with a spatial resolution of ~ 0.2 nm and an energy 

resolution of ~ 1.3 eV. The following energy edges were used for 
the EELS-Mapping: Ca - L-edge, Mn - L-edge, O - K-edge, P - K-

edge. The TEM EDX analyses were carried out with an Oxford In-

struments X-Max detector and electron diffraction patterns were 

collected with a Phillips CM12 at 120 kV. 
X-ray spectroscopy. Near-ambient pressure X-ray photoelectron 

spectroscopy (NAP-XPS) measurements were carried out using a 

setup located at the Innovative Station for In Situ Spectroscopy 

(ISISS) beamline at the BESSY II synchrotron of the Helmholtz-
Zentrum Berlin.38 For the as-prepared oxide, ~20 mg of Ca-birnes-

site powder was pressed into a pellet (Ø ~ 2 mm) by applying a 

force of 1 ton for 1 min. Ca-birnessite-coated FTO slides were  

directly used for measurements as prepared or after electrochemical 
operation. In each case, the samples were mounted on a sapphire 

sample holder and positioned ~ 1 mm in front of the first aperture 

of the differentially pumped electrostatic lens system. Measure-

ments were conducted using an incident X-ray beam spot of 
roughly 100 x 300 µm at a pressure of 10-4 mbar. A pass energy of 

20 eV was used for XPS measurements and the inelastic mean free 

path (IMFP) of the photoelectrons was calculated using the model 
of Tanuma et al..39 The binding energies of measured XPS spectra 

were calibrated using an O 1s second order peak with a theoretical 

photon energy of 730 eV. The X-ray photoelectron spectra were 

recorded at different excitation energies in order to obtain IMFPs 
of 0.7 nm (for Ek = 200 eV) or 1.7 nm (Ek = 830 eV), respectively. 

The deconvolution of the XP spectra was performed using the soft-

ware CasaXPS after subtraction of the Shirley background. 

To perform NEXAFS measurements, the photon energy was 
scanned while the total electron (TEY) and Auger electron (AEY) 

yields were counted. Ca L-edges spectra were recorded for photon 

energies between 342 and 362 eV, while the photon energy was 
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scanned between 625 and 660 eV to cover the Mn L3- and L2-edges. 
For clarity, only the data for the Mn L3-edge is presented. To assess 

possible beam damage, which is a well-known problem for 

NEXAFS of manganese oxides,40 stability tests were performed. 

Figure S6 presents three Mn L-edge scans recorded successively on 
the same spot of three studied samples. The deviations between 

subsequent scans indicate that Mn ions in the samples are reduced 

by the beam, but also that the observed spectral changes are small 

enough so that a meaningful analysis of the spectra is well possible. 

 
Figure 1. Chronoamperometry of Ca-birnessite / FTO electrodes 

at +1.71 V vs. RHE (η = 490 mV) in three different, near neutral 
electrolytes (all 70 mM): phosphate buffer (pH 7, blue trace),  

imidazolium sulfate buffer (pH 7.4, green trace) and potassium  

sulfate solution (pH 7, red trace). CV can be found in Figure S1. 

 
3. RESULTS AND DISCUSSION 

 

3.1 Electrochemistry 

The number of possible electrolytes for OER experiments is gen-
erally limited as it is of particular importance in OER electrocata-

lysis that the electrolyte species are themselves redox-inert at 

strongly oxidizing conditions in water. Among others, the study 

presented here tries to provide answers to the following two ques-
tions concerning OER electrocatalysis by MnOx in near-neutral 

conditions: 1) why is the use of a buffering electrolyte generally 

beneficial and 2) why are phosphate containing media apparently 

especially well-suited?11 Given the general constraint of redox-in-
ertness presented above, we chose the following three electrolytes 

in order to be able to address these questions experimentally: 1) 

potassium (di)hydrogen phosphate as a typical phosphate-buffered 

electrolyte; 2) imidazolium sulfate as a buffering, but phosphate-
free medium and 3) potassium sulfate as a solution which is both 

phosphate-free and not possessing any buffer qualities at pH = 7.  

In Figure 1, chronoamperometry traces for the three different 

electrolyte systems are presented. In each case, identically prepared 
Ca-birnessite / FTO - anodes were immersed in the respective  

media and an overpotential of η ~ 500 mV was applied for a time 

of 1 h, while the OER current density was recorded. For details 

concerning these measurements, please consult ref.27.  
Interestingly, we find very different j vs. t- traces for the three 

investigated solutions, despite their virtually identical pH-values 

and the fact that the applied oxidation potentials were iR-compen-

sated to correct for conductivity differences. In all three cases we 
find that current densities are significantly higher for the first 

~ 2min of the experiment, but already here the j observed during 

the very first phase for phosphate (~2.7 mA∙cm-2) is about 50% 

higher than the value for imidazolium (~1.8 mA∙cm-2), while the 

current for potassium sulfate is very low (~0.2 mA∙cm-2). As al-

ready observed in other studies, we again find the current density 

in phosphate reaches a rather stable value after ~1 h of operation 

(here with a current of ~2.5 mA∙cm-2).27 The higher currents found 

during the first phase of OER electrocatalysis were previously ex-
plained by Mn-centered oxidation events occurring “on top” of the 

OER current, an explanation e.g. supported by XAS data for the 

Mn K-edge where a Mn oxidation from an average state of ~+3.3 

to ~+3.7 was detected for the Ca-birnessite under electrocatalytic 
conditions.28 

For imidazolium, such a steady-state is reached after ~1 h as well, 

but here the decrease in current over the first phase is dramatic, 

leaving a remaining current density of only ~0.5 mA∙cm-2 after 1 h 
– and thus less than a third of the starting value. This low current 

density is the same as observed for the non-buffering potassium 

sulfate electrolyte during the entire chronoamperometry experi-

ment. 
The OER electrocatalysis traces shown in Figure 1 thus clearly 

demonstrate that 1) a buffering electrolyte solution seems to be 

generally necessary if significant OER currents are to be reached 

over significant electrolysis times (phosphate / imidazolium buff-
ers vs. potassium sulfate) and that 2) a phosphate buffer is appar-

ently an exceptionally good choice for OER electrocatalysis by 

MnOx at pH 7, as the also buffering, but phosphate-free imidazo-

lium system both fails to reach the initial current densities found 
for phosphate by far and also lacks long-term stability.  

Next, we were of course eager to identify possible reasons for the 

profound differences in the electrolysis experiments. For this, we 

first turned to electron microscopy and X-ray spectroscopy in order 
to identify differences in morphology and / or elemental composi-

tion of the catalytic Ca-birnessite layer after continuous electroca-

talysis in the three different solutions. 

 
3.2 Investigations of morphology changes and ion-exchange pro-

cesses of the catalyst layer by SEM, TEM and EDX 

Four different types of samples were investigated by electron  

microscopy: 1) reference samples of pristine Ca-birnessite elec-
trodes; 2) electrodes after use as water oxidation anodes for differ-

ent electrolysis times in 70 mM phosphate or 3) 70 mM imidazo-

lium sulfate buffer and 4) samples which had been immersed in a 

70 mM phosphate buffer without applying an electrochemical po-
tential. To facilitate the electron microscopy measurements, we 

prepared Ca-birnessite electrodes with a reduced catalyst layer 

thickness of ~ 0.2 µm for some of the measurements.  
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Figure 2. SEM images of Ca-birnessite electrodes. Top views of 
(A) a pristine electrode; (B) an electrode after 9 h of electrolysis in 

0.07 M phosphate buffer (pH 7, η = 530 mV); cross-sections of a 

pristine sample with a protective layer of platinum (C) and a sample 

after electrolysis (D) without protection layer; (E) EDX-SEM 
measurements of changes of the Ca/Mn and P/Mn ratios over time 

for electrodes subjected to electrolysis in phosphate buffer (red data 

points) in comparison to samples immersed in phosphate buffer 

without applying an electrochemical potential (black data points). 

The scanning electron microscopy (SEM) images of Figures 2 A-

D show representative parts of the surface as well as cross-sections 

of the electrode layer. Clearly visible are agglomerations of parti-

cles with a size of a few hundred nanometers forming a rough sur-
face structure. In addition, there are surface cracks which are most 

likely a result of gaseous H2O and CO2 (the latter from carbon-ox-

idations, see XPS section below) leaving the electrode during the 

annealing procedure. These observations confirm that the already 
known mesoporosity and large surface area of the Ca-birnessite 

powder27 are not greatly affected by the fabrication process. The 

pore morphology is e.g. well illustrated by the SEM cross-sections, 

where small pores of diameters between 10 and 300 nm as well as 
large crack-like openings with a width of several micrometers are 

visible (Fig. 2 C and 2 D), supporting a previous characterization 

of the Ca-birnessite as a mesoporous material with a large surface 

area.23 

High-resolution transmission electron microscopy (HRTEM) im-

ages show the presence of nanocrystals for both the freshly pre-

pared electrodes and also the electrodes after electrolysis for which 

a birnessite phase could be assigned by the analysis of the electron 
diffraction data (see ESI, Figs. S2 and S3).  

Post-operando measurements using electron diffraction, XRD 

and SEM show that neither 9 h of electrochemical water-oxidation 

electrolysis nor extended immersion of the electrode into a phos-
phate-containing electrolyte lead to significant changes of the Ca-

birnessite layer, therefore confirming previous Raman and XAS re-

sults that the birnessite oxide phase and the overall morphology of 

the catalyst layer is retained during OER.28 An important exception 
to this is the morphology of the electrode surface, where a thin new 

surface layer is formed during electrolysis which is visible in the 

TEM images (Fig. 3 and ESI, Fig. S2). 

 

Figure 3. HAADF STEM image (left) and EELS element mapping 

(right) of a 200 nm thick birnessite layer used during 12 h for elec-

trolysis. The FTO substrate is on the far left, the exposed anode 

surface on the far right part of the images. 

Despite the apparently unchanged MnOx-structure, SEM-EDX 

indicates that the electrocatalytic process induced significant 

changes of the average elemental composition for the entire volume 
of the oxide layer. The calcium concentration decreased markedly, 

especially during the first 2 h of electrolysis from an initial Ca : Mn 

ratio of 0.24 : 1 to ~ 0.14 : 1 (Fig. 2 E). This value seems to repre-

sent a new equilibrium concentration as it then remains constant 
after ~6 h for the following hours of the electrolysis. In contrast, 

the Ca : Mn ratio of samples which are just immersed in phosphate 

buffer does not change significantly within the error margin of the 

detection method. From this we conclude that calcium is not simply 
dissolved out of the material but rather actively exchanged during 

the electrocatalytic process. 

Given the importance of the electrolyte composition to reach high 

catalytic current densities (see Fig. 1), a closer look at the distribu-
tion of the elements within the material is required. Thus, high- 

angle annular dark field (HAADF) STEM images and EELS map-

pings of a 200 nm thick electrode after 12 h of electrolysis at 

η = 530 mV were recorded (Fig. 3). EELS confirmed the formation 
of a ~ 25 nm thick, phosphorous-rich surface layer (far right part of 

the images in Fig. 3). This surface layer also contains manganese, 

oxygen and (very little) calcium. Based on the EELS mapping, we 

however cannot make a statement about the presence of phospho-
rous in the entire volume of the catalyst layer, because the phos-

phorous K edge at 2146 eV is too weak to detect phosphorous con-

centrations below ~5 atom%. On the other hand, we were able to 

detect P in the entire birnessite-layer using TEM-EDX, as EDX is 
much more sensitive for P but unfortunately does not offer space 

resolution. For a sample with a thickness of ~ 4 µm that had been 

operated as OER anode for 9 h, the average P : Mn ratio for bulk 

birnessite was determined by TEM-EDX as ~ 0.15 : 1 (Fig. 4) and 
thus as very similar to the ratio reported above as the final state of 

the exchange equilibrium after 9 h of operation(Fig. 2 E). How-

ever, despite of the good agreement of the average values, the fluc-

tuations of the local P : Mn ratios are in the order of ~ 65%. As can 
be seen in Figure 4 A, there is a correlation between the phospho-

rous signal in the EDX map and the contrast of the STEM-image 

(which is a measure of the local lamella thickness). 
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Figure 4. (A) EDX element mapping for a ~4 µm thick birnessite 
electrode after 9 h of electrolysis (η = 530 mV). left: HAADF 

STEM image of the mesoporous oxide structure; right: EDX map 

of phosphorus for the same part of the oxide layer (EDX sum-spec-

tra in Fig. S4 A). The color levels of the phosphorus map were ad-
justed for better visibility; (B) EDX line scan from a pore surface 

into a nano-crystalline dense area of the same lamella as shown in 

B. Foreground: EDX line scan of the P : Mn ratio; Background: 

(HAADF) STEM image of the area of the line scan. The dashed 

line shows the location of the scan. 

Altogether, the element mapping data offers strong evidence for 

the presence of phosphorous in the entire birnessite volume. The 

detected variations of the phosphorous concentration can partially 
be explained by variations of the sample thickness, but also reflect 

real fluctuations within the nanocrystalline material. A further ex-

planation can be found by a closer look at Figure 4 B. Here, an EDX 

line scan over a distance of only 100 nm indicates a much higher 
P : Mn ratio close to the surface of an inner pore of the birnessite 

film in comparison to the denser bulk of the material. This obser-

vation might also represent an early stage of the formation of a 

phosphorous-rich surface layer similar to the feature at the outer 
electrode surface shown in Figure 3. Additional EDX line scans at 

high spatial resolution were recorded and these are also in agree-

ment with the general conclusion that phosphorous is mainly lo-

cated on the surfaces of the birnessite nanocrystals (see ESI, 
Fig. S5).  

In order to investigate whether the anion-exchange-processes 

during electrolysis are unique for the P / Mn couple, we compared 

the observations for the phosphate buffer to the buffering, but phos-
phate free imidazolium electrolyte. Here, the ion exchange pro-

cesses were analyzed by transmission electron microscopy for 

200 nm thick Ca-birnessite layers after 12 h of electrolysis. In Fig-

ures 5 A, C and E, EDX line scans of the electrode after an elec-
trolysis in the phosphate buffer are shown. Similar to Figure 4, a 

significantly higher P : Mn ratio can be observed. Despite the over-

lap off the Pt and P peaks in den EDX spectra, the data indicates a 

significant P concentration in the subsurface region down to 10 nm. 
In contrast, Figures 5 B, D and F show the same dataset for a sam-

ple after electrolysis in the imidazolium sulfate electrolyte. Inter-

estingly, here the sulfur signals (which would indicate sulfate bind-

ing) are barely above the noise level. We conclude that, unlike for 
phosphate, no sulfate containing surface layer is apparently formed 

during OER electrocatalysis in the imidazolium sulfate electrolyte. 

This interpretation is also supported by SEM-EDX measurements 

for a 4 µm thick sample after 9 h of electrolysis in imidazolium sul-
fate, where no sulfur signal was detected (see ESI, Fig. S4 B). For 

the Ca / Mn ratio, a value of 0.11 ± 0.06 could be calculated from 

the SEM-EDX data, indicating partial removal of calcium from the 

material to a very similar degree as found before for phosphate. 

 

Figure 5. Comparison of 200 nm thick birnessite electrodes after 

12 h of electrolysis in 70 mM phosphate buffer (left column) and 

imidazolium sulfate (right column). (A-B): EDX line scans taken 

at cross sections of the electrode surface, where the surface position 
is set to 0 nm, the dotted line indicates the noise level of the EDX 

measurement; (C-D): corresponding EDX spectra taken at different 

positions, the horizontal line represents the 3σ level of the noise; 

(E-F): HAADF image of the position of the line scans. 

In summary, the presented electron microscopy results confirm 

that the mesoporous calcium-manganese oxide used here as elec-

trocatalyst retains its nanocrystalline, birnessite-like structure dur-

ing the electrolysis process, even as at least one third of the initially 
present Ca2+ ions are lost and / or replaced during electrocatalysis. 

For the phosphate buffered electrolyte, P enters the entire volume 

of the birnessite material. In addition, a P-rich oxide layer with a 

thickness of 15 - 20 nm forms at the outer surface of the electrode. 
After extended electrolysis, phosphorous can finally be found all 

over the sample, but its distribution appears to be inhomogeneous 

as the inner surfaces of the pores and the surfaces of the nanocrys-

tals show much higher P-concentrations than the dense, nanocrys-
talline parts of the Ca-birnessite. The observed high and stable cat-

alytic activity might thus be correlated to the formation of a P-con-

taining, calcium-manganese oxide surface layer acting as “true” 

OER electrocatalyst. 
 

3.3 Ca-Birnessite / electrolyte interactions probed by XPS and 

NEXAFS.  

The results from the previous sections indicate that different ion 
exchange processes take place when the Ca-birnessite material is 

used as OER electrocatalyst in phosphate buffer: Ca ions are par-

tially exchanged and phosphate ions enter the material. In contrast, 

no sulfur incorporation was detectable after electrolysis in imidaz-
olium sulfate. These different ion interactions, the accompanying 

changes of the Mn oxidation states and the role of calcium were 

now studied in more detail using X-ray spectroscopy methods.  

X-ray photoelectron spectroscopy (XPS) and near edge X-ray ab-
sorption fine structure spectroscopy (NEXAFS) were performed 

with the aim to gain insights into both the elemental composition 

and the chemical bonding situation. Such measurements typically 

probe the material close to the electrode surface (the penetration 
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depth of a few nanometers) and thus have to be seen as complimen-
tary e.g. to the previously carried out XAS measurements at the Mn 

K-edge,30 as well as the EDX and SEM experiments described 

above, all of which provide information about the entire µm-thick 

oxide layer. Similar to the previous section, XPS and NEXAFS 
spectra were recorded for four different types of samples: 1) the 

synthetic Ca-birnessite powder, 2) pristine Ca-birnessite elec-

trodes, 3) electrodes after 16 h of operation at +1.77 V vs. RHE 

(η = 540 mV) in 70 mM phosphate buffer and for comparison 4) in 
70 mM imidazolium sulfate buffer. 

XPS survey spectra for samples 1 to 3 between 0 and 1200 eV 

are shown in Figure 6. As expected for a calcium containing man-

ganese oxide, the most intense signals in all spectra are observed 
for the O 1s and the Mn 2p electrons and calcium lines can also be 

found in all cases. The presence of weak tin signals from the un-

derlying FTO substrate confirms the already detected cracks and/or 

the porosity of the catalyst layers, which allows some photons to 
reach the underlying SnO2:F support material. In addition, freshly 

prepared electrodes contain a significant amount of carbon, which 

must originate from the binder substances used during the printing 

process as carbon is not visible in the spectrum of the synthetic ox-

ide on its own. 

 

Figure 6. X-ray photoelectron survey spectra (XPS, 

h·ν = 1486.7 eV) of different Ca-birnessite samples. red: synthetic 
Ca-birnessite powder, green: screen printed, 10 µm thick Ca-bir-

nessite layer on FTO substrate after annealing at 450 0C and blue: 

XPS of an electrode after 16 h of OER electrocatalysis in 0.1 M 

phosphate buffer (η = 540 mV). 

The most obvious differences between the spectra recorded for 

Ca-birnessite electrodes before and after 16 h of OER electro- 

catalysis in phosphate buffer are the appearances of additional sig-

nals for potassium and phosphorous in the spectral region between 
100 and 400 eV (Fig. 6, blue trace), which coincide with a marked 

decrease of the Ca peak intensity. On the other hand, the fact that 

the XPS spectra of Figure 6 are overall very similar again confirms 

that the electrocatalyst layer retains the characteristics of a layered 
calcium manganese oxide even after extended electrolysis time. 

However - and in full agreement with the results from the previous 

section - we also observe significant changes of the chemical com-

position caused by the electrocatalytic process (this time for the 
zone close to the surface accessible to XPS): most of the carbon 

and some calcium leave the MnOx-layer, while potassium and 

phosphate from the electrolyte enter the material. In case of the im-
idazolium sulfate electrolyte, no S 1s line was found and addition-

ally the Ca signals in the survey spectrum are not detectable any 

more after electrochemistry (see ESI, Fig. S7). Thus XPS confirms 

that very different ion exchange processes are at play when these 
two buffer systems interact with the Ca-birnessite catalyst during 

OER. 

In order to obtain more detailed information about the chemical 

environment of the different elements, we also analyzed the Mn and 
Ca L-edge spectra in combination with the XPS data for Mn 2p, 

O 1s, P 2p and Ca 2p.28,41–44 The spectra were measured at kinetic 

electron energies of 200 eV or 830 eV which relate to inelastic 

mean free paths (IMFP) for the electrons of ~1 or ~2 nm, respec-
tively. The NEXAFS spectra were taken both in the detection 

modes total electron yield (TEY, probing depth 3 - 10 nm) as well 

as Auger electron yield (AEY, probing depth < 1 nm). The same 

spectral features were found in both modes and thus only the TEY 

spectra are shown in Figures 7 and 8 (see also ESI, Fig. S6). 

 

Figure 7. Mn L3-edge NEXAFS (TEY) spectra of the three differ-

ent Ca-birnessite samples studied by XAS. Color code and sample 

descriptions are identical to Figure 6. 

The O 1s XP spectra show contributions from water, Mn-bound 

hydroxide and bridging -oxido ligands between two Mn centers 

(see ESI, Fig S8). A comparison of the data for the different elec-

tron energies indicates (as expected) a higher concentration of hy-

droxide groups and water at the surface of the samples compared 

to the underlying oxide volume. Furthermore, the spectral differ-
ences between the three samples show that the hydroxide concen-

tration of the precursor powder is higher than that of the annealed 

electrode, but smaller than in the used electrodes. This is also ex-
pected, as the calcination step at 450°C used for the electrode prep-

aration should result in the elimination of OH- and/or H2O from the 

material, while the exposure to the aqueous medium during elec-

trolysis will result in a renewed binding of these species. The shoul-
der appearing at 530.8 eV for the sample after electrochemistry can 

be connected to phosphates originating from the electrolyte.45,46 As 

can be seen in Figure S8, the surface of the electrode (EB = 200 eV) 

shows a more pronounced signal related to the phosphate electro-
lyte residuals. 

To gain insights into the oxidation states of the manganese spe-

cies located on the surface of the electrode, NEXAFS spectra were 

taken at the Mn L-edges and the recorded Mn L3-edge spectra are 
shown in Figure 7. The Mn 2p spectra for all the samples were also 

measured (ESI, Fig. S15). Due to significant multiplet splitting of 

the three oxidation states of manganese (II, III, IV), and the over-

lapping binding energy for these multiplet splitting structures we 
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decided to focus on the Mn L-edge (NEXAFS) analysis. From com-
parisons of reference data 47 with the spectra measured for reference 

oxides and used for the difference spectra analysis (Fig. S9) and 

also for linear combination analysis (LCA) (Fig. S9a), we conclude 

that the as-prepared Ca-birnessite powder mainly contains Mn in 
the form of Mn4+ ions, giving rise to two pronounced NEXAFS 

peaks at 641.3 and 643.5 eV, respectively (59% Mn4+ vs. 41% 

Mn3+ from LCA). During electrode preparation, manganese is par-

tially reduced (most likely by the organic components of the ink, 
see XPS results for carbon) to an oxide material containing Mn pre-

dominantly in its Mn3+ oxidation state (LCA here: 7% Mn2+, 6% 

Mn2+/Mn3+, 65% Mn3+ and 22% Mn4+). This is manifested by two 

additional NEXAFS signals at 641.8 and 642.4 eV, while the fea-
ture at 643.5 eV almost disappears from the spectrum. Electrolysis 

at OER conditions results in a re-oxidation of manganese and the 

Mn4+-peak at 643.5 eV reappears. However, the peaks assigned to 

Mn4+ do not reach the same intensities after electrolysis as initially 
found for the powder sample, which suggests that a certain concen-

tration of Mn3+ is still present on the material surface even after 

extended electrolysis at OER potentials (LCA after electrolysis: 2% 

Mn2+, 5% Mn2+/Mn3+, 45% Mn3+ and 48% Mn4+). This observation 
differs from the behavior of birnessites containing only potassium 

as additional cation48,49 and it is thus feasible that the Ca2+ ions have 

a stabilizing effect on the Mn2+ and Mn3+ oxidation states. 

When an oxidizing potential was applied to the electrode in buff-
ered electrolyte solutions, we detected electrochemical “pre-

waves” in the CVs (see ESI, Fig. S1) and also some reorganization 

of the material at its surface by electron microscopy. Both pro-

cesses most likely involve complex Mn-centered redox reactions.28 
In the light of the changes observed in the Mn NEXAFS spectra, 

we can now identify electrochemical oxidations of Mn3+ and pos-

sibly also Mn2+ , (see Fig. S6 in the ESI) centers to Mn4+ occurring 

for E > 1 V to be responsible for these events.  
Next, the XPS and NEXAFS data for calcium was analyzed 

(Fig. 8 and ESI, Fig. S10). The Ca 2p spectra were measured at ki-

netic energies of Ek = 200 eV and Ek = 830 eV, respectively. A 

quantitative analysis of the Ca 2p spectra shows that the calcium 
ions are eliminated from the structure resulting in a decrease of the 

Ca : Mn ratio from 0.3 : 1 for the powder sample and 0.18 : 1 for 

the freshly prepared electrode to 0.11 : 1 for the electrode after 

electrochemical performance in phosphate buffer. These numbers 
are in very good agreement with EDX-SEM measurements de-

scribed above.  

Deconvolutions of the Ca 2p lines yielded a main doublet at 

346.4 eV for all samples (Fig. 8). From the literature, this is typical 
for calcium manganese oxides like CaMnO3 or CaMn2O4, where 

Ca2+ interacts with neighboring Mn3+/4+ cations via µ-oxido 

bridges.50 After electrolysis in phosphate buffer, both the Ca 2p 

(XPS) and the Ca L-edges (NEXAFS) spectra show additional con-
tributions when compared to those of the powder sample or the 

pristine electrode, indicating that some of the Ca2+ ions enter a new 

chemical environment during electrochemical OER in phosphate 

buffer. In the XPS, after electrolysis an additional peak is found in 
the Ca 2p spectrum at a higher binding energy of 353.5 eV. Fur-

thermore, NEXAFS shows an additional resonance at a lower ex-

citation energy. This effect was observed only when phosphate 
buffer was used as electrolyte, while in the case of imidazolium 

sulfate no additional Ca L-edge feature was observed (see ESI, 

Fig. S11) 

 

Figure 8. right: deconvoluted Ca 2p spectra (data for Ek = 830 eV) 

of the three different Ca-birnessite samples studied by XAS: pow-

der (top), printed Ca-birnessite layer on FTO before (middle) and 

after electrolysis in phosphate buffer (bottom). left: Ca L-edge 
NEXAFS spectra of Ca-birnessite samples in total electron yield 

(TEY) mode. Color code and sample descriptions are identical to 

Figures 8 and 9. 

The calcium ions in the interlayer space of birnessite-type oxides 
are expected to show strong Coulomb interactions with the oxido 

anions of the [MnO6] layers and neighboring water molecules. On 

the other hand, we found that most of the Ca2+ is removed from the 

birnessite material during OER in imidazolium sulfate (see ESI, 
Fig. S7). In this case, the Mn L3-edge spectrum is also dominated 

by Mn4+ (Fig. S12) and an analysis of the data shows that there is 

ca. 20% less Mn3+ present in comparison to the sample obtained 

after electrolysis in phosphate buffer (LCA here: 6% Mn2+, 7% 
Mn2+/Mn3+, 21% Mn3+ and 66% Mn4+; see ESI, Fig.  S9a). To us, 

it seems that all these observations might be explainable by the fol-

lowing interwoven effects: 1) Ca2+ - phosphate interactions obvi-

ously stabilize Ca2+ within the birnessite, 2) it is known that sec-
ondary cations like Ca2+ influence the energetics of the conversion 

of Mn4+ to Mn3+,51 so that in consequence 3) the presence of phos-

phate, mediated via the Ca2+ ions in the material, stabilize lower 

oxidation states of manganese in the Ca-birnessite catalyst and thus 
make it more active in OER catalysis. 

To test this assertion, we noticed that all XP spectra of Figure 8 

feature a Ca 2p satellite peak at about 355 eV. At ~ 10 eV of energy 

above the main line, these signals could well be exciton satellites 
associated with Ca2+.52,53 However, the spectra for the Ca-birnessite 

powder and post-operando spectrum from the phosphate electrolyte 

additionally contain a satellite just 3 eV above the main line. It is 

accepted that such additional high energy features in XPS are 
charge transfer satellites resulting from the hybridization between 

valence orbitals of cations and anions, in our case Ca2+ and O2- (for 

more details see ESI, 4th text paragraph and Fig. S13b).52–54  

This hybridization can effectively be described by charge transfer 
from the ligand to the metal, resulting in a d1L configuration, where 

L denotes a ligand hole and d1 indicates an additional d electron on 

the metal. The energy separation between these satellites and the 

main Ca 2p line is indicative of the degree of hybridization. For the 
powder birnessite sample, the energy separation between the pri-

mary peak and the charge transfer satellite is 2 eV (Fig. 8, right). 



 8 

After electrochemistry the separation between the satellite and the 
main line increases to 2.7 eV, which indicates that the d1L final 

state has a lower energy than in the powder, meaning that the Ca2+ 

remaining after electrochemistry is bound through a highly cova-

lent metal-ligand interaction. 
Turning now to the oxide material obtained after printing onto 

the FTO substrate, we see that the charge transfer satellite seen in-

itially in the powder sample is lost (Fig. 8). Unlike the partially co-

valent ground state found after electrochemistry, the ground state 
after printing on FTO is then dominated by the ionic d0configura-

tion. The origin of this change in covalency can be seen on the basis 

of hybrid density functional theory calculations which show an in-

crease in both band gap and Ca-O distance in the presence of a high 
concentration of Mn3+ ions due to the Jahn-Teller distortion of these 

centres.55 Thus, the appearance of a high concentration of Mn3+ 

may lead to a loss of the charge transfer  

satellite in the Ca 2p XPS and a decrease in covalency of the Ca 
oxygen bonds. To test if this is the case, we turned to the Mn L-

edge measurements (Figure 7), from these spectra it seems that the 

existence of the Ca 2p charge transfer satellite may be connected 

with the presence of Mn4+. After printing, the sample is composed 
primarily of Mn3+ and there is no charge transfer satellite in the Ca 

2p XP spectrum. However, when Mn4+ dominates the Mn L-edge 

spectra as in the powder sample and the sample after electrochem-

istry, the charge transfer satellite is seen in the Ca 2p XP spectrum. 
In the latter case, a slightly more covalent character of the metal - 

ligand interaction was found and the Mn L-edge spectrum also 

shows a contribution of Mn3+. 

The analysis of the Ca L-edge spectra shows that the spectrum 
recorded for the electrode after OER electrocatalysis in phosphate 

buffer shows an additional feature similar to what was found for 

the XPS Ca 2p lines. The main spin-orbit related peaks L3 (2p3/2) 

and L2 (2p1/2) at 349.4 eV and 252.7 eV, respectively, are present 
in all three spectra. The position of these main absorptions is nearly 

the same for all three samples. For the sample treated electrochem-

ically in phosphate buffer, peaks appear at 348.2 eV and 351.47 eV, 

while spectra of the two others samples show only small shoulders 
at these photon energies. 

The Ca L-edge spectra is known to be dominated by transitions 

into localized Ca 3d states meaning that p→s transitions can be  

ignored to first approximation.56 Thus, for Ca2+ without hybridiza-

tion, the final state in NEXAFS is |𝑐𝑑1⟩. In spherical symmetry this 

would lead to two primary lines associated with the p3/2 and p1/2 

initial states, while in an octahedral field the d orbitals are no longer 

degenerate and two final states become available for each initial 
state. If we furthermore include the hybridization approach we used 

to explain the Ca 2p XP spectra, additional NEXAFS features can 

appear due to the increase in multiplet lines.57 

It is difficult to know a priori how these additional states modify 
the Ca L-edge spectrum. Thus, we calculated the spectra using a 

multiplet Hamiltonian that includes hybridization with the same pa-

rameters as for the XPS calculations described above. These calcu-

lations reproduce the L-edge spectrum expected for both the Ca2+ 
ion of spherical symmetry and Ca2+ in an octahedral environment 

of O2- counter-ions (10 Dq = 0.75 eV) (see ESI, Fig. S13a). They 

also reveal additional small leading edge peaks due to multipole 

interactions of the core hole with the valence electron.57 A compar-
ison of these calculated L-edge spectra with the experimental re-

sults shows that Ca2+ interacts weakly with its surroundings in the 

as prepared birnessite powder, with a value of only 10 Dq = 0.75 eV 

required to model the shoulders at 348.2 eV and 351.5 eV. For 
comparison, 10 Dq is 1.2 eV in CaO.57 When hybridization is intro-

duced, it leads to the growth of two peaks, consistent with what is 

observed in the measured Ca L-edge spectrum after electrochemis-

try in phosphate buffer (see Fig. 8, left, blue curve). 
The agreement between the theoretical description of the 

NEXAFS and XPS spectra allows us to conclude that the additional 

peaks in the Ca L-edge spectra recorded for the electrode sample 
after OER electrocatalysis in phosphate buffer can be assigned to a 

partial change in environment of the calcium ions. This indicates 

the formation of a new Ca2+-containing phase, in which the Ca-lig-

and interaction becomes highly covalent, and therefore resistant to 
dissolution into the electrolyte. For the sample obtained from the 

imidazolium sulfate electrolyte, such additional features at 

348.2 eV and 351.47 eV are not observed, suggesting that hybridi-

zation between Ca2+ and O2- is not taking place in this case and 
might thus be phosphate-dependent (see ESI, Fig. S11). 

The survey XP spectrum of the sample after electrochemistry in 

phosphate buffer also revealed the presence of a P 2p signal, which 

must originate from phosphate ions incorporated into the oxide 
(Fig. 6). At this stage it is unclear whether this signal might also 

originate from calcium phosphates (Eb = 347 - 348 eV) as possible 

products from the reaction between Ca2+ from the Ca-birnessite and 

(H)PO4
2/3- anions from the electrolyte.58 Taking into account the 

well-studied chemistry of calcium phosphates and the TEM-EDX 

data presented above (where phosphorous was found close to the 

surfaces of the Ca-birnessite nanocrystals), the formation of some 

kind of calcium phosphate moieties seems plausible. Unfortu-
nately, in our case calcium phosphate species cannot be identified 

by their Ca 2p XP spectra as the binding energies for calcium man-

ganese oxides and calcium phosphates are separated by less than 

1 eV.51 
Nevertheless, in order to be able to detect possible contribution 

from calcium phosphates next to calcium manganese oxides, a P 2p 

XPS for the electrode after electrolysis was measured using two 

kinetic energies (Ek = 200 eV and 830 eV, see ESI, Fig. S14). The 
two spectra differ by a greater bulk contribution (Ek = 820 eV vs. 

Ek = 200 eV) of a phase appearing at higher binding energy 

( 136 eV). After deconvolution of the 830 eV spectrum, three 

doublets were found (Fig. 9). A comparison with literature data 

combined with theoretical calculations allows an analysis of the 
contributions to this P 2p peak: the first doublet located at 132.8 eV 

(red line) can be assigned to HPO4
2- and H2PO4

-, the buffer anions 

present in the electrolyte.58 The second (133.7 eV) (blue line) and 

third (135.75 eV) (green line) doublet are related to each other. The 
energetic position of the second doublet is in very good agreement 

with the literature data for calcium phosphates and the formation of 

such compounds from the reaction between phosphate from the 

electrolyte and calcium ions located within the birnessite structure 
appears to us very plausible. The spectral contribution located at 

the highest binding energy was assigned to calcium phosphates 

containing H2O and/or OH- and its observation is in agreement with 

our findings for the Ca 2p line and the Ca L-edge spectra described 
above. Here, the formation of clusters like CaH(PO4) associated 

with water molecules is possible which are known from the miner-

als brushite (CaH(PO4) · 2 H2O) or octacalcium phosphate 

(Ca8H2(PO4)6 · 5 H2O. Another possible reaction at pH 7 is the for-

mation of hydroxyapatite (Ca5(PO4)3(OH)). 
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Figure 9. Deconvoluted P 2p XPS spectrum for a Ca-birnessite 

electrode after electrolysis under OER conditions (16 h in 0.1 M 

phosphate buffer at η = 540 mV). 

The most obvious explanation for the appearance of the contri-

butions of the P 2p line is the reaction of phosphate ions with the 

surface of the manganese oxide layer, where oxygen point-defects 

could react especially well with phosphate units.59 For this, differ-
ent phosphate binding motifs are possible: direct binding of phos-

phate to the [MnO6]n-layer could occur via a single oxygen vacancy 

or a phosphate bonded via two oxygen atoms to two neighboring 

O-defects. Another possibility is the reaction of phosphate with cal-
cium ions located between the [MnO6]-layers, which are separated 

by a rather large 7 Å interlayer space for birnessites. This is sup-

ported by the reduced Ca2+ concentration in phosphate enriched  

areas. 
In conclusion, the XPS results can be interpreted by equilibria 

involving dynamic exchanges of Ca2+, K+, PO4
3- and HPO4

2- ions 

bound to the surfaces, within the pores and probably even between 

the [MnO6]n layers of the birnessite material (see graphical ab-
stract). Among the anions, phosphate species seem to have an es-

pecially high affinity for birnessites, leading to a substantial incor-

poration of phosphate into the birnessites’ surface layers where cat-

alytic water oxidation most likely occurs. The combination of XPS, 
NEXAFS and theoretical approaches indicates that the binding of 

phosphate can either occur directly via O-vacancies in the [MnO6]-

layers or also by the formation of [Ca/PO4/H2O]- complexes within 

the layers. The latter appear to be of significant importance because 
close calcium-manganese and calcium-phosphate interactions are 

indicated by the detailed analyses not only of the P 2p but also the 

Ca 2p and Ca, Mn L-edges signals. Finally, we would like to add 

that the described incorporation of phosphate is to a large extend 
reversible: if an anode “loaded” with phosphate by OER electroca-

talysis is placed in deionised water for 12 h, no XPS peaks for P 

can be detected any more. 

 
4. Conclusion 

While few studies on water-oxidation catalysis by manganese ox-

ides emphasize the critical role of the electrolyte for effective water 

oxidation catalysis, our results clearly show the potential benefits 
of a rational, concerted development of catalyst and electrolyte in 

parallel. For Ca-birnessite, we find that the use of buffering elec-

trolytes is generally beneficial and that phosphate-based systems 

seem to be particularly advantageous for the operation of birnes-
site-anodes at near-neutral conditions. 

Our detailed investigation of the interactions between the Ca-bir-

nessite material and (hydrogen) phosphate electrolytes during elec-

trocatalysis provided proof for very dynamic, complicated ion ex-
change equilibria between the solution and the heterogeneous  

water-oxidation catalyst. Using a broad set of investigation meth-
ods (electron microscopy, EDX, XPS and NEXAFS), we could 

show that the elements carbon and calcium, which are part of the 

catalyst layer as a result of the preparation method, are fully (C) or 

to a large degree (Ca) eliminated from the material after some hours 
of operation as OER electrocatalyst. Further analysis of the XPS 

and NEXAFS spectra acquired after OER reveals that a large frac-

tion of the remaining calcium-oxygen interactions is likely of co-

valent nature, preventing the complete dissolution of calcium from 
the material. It seems that phosphate plays a role in accruing this 

phenomenon as no hybridization was observed in the case of the 

imidazolium sulfate electrolyte, and much more Ca2+ ions left the 

structure. This in turn leads to a destabilization of the Mn3+ state 
resulting in a decrease of OER activity. 

For the neutral potassium phosphate electrolyte, our data sug-

gests that both K+ and HnPO4
(3-n)-, enter the mesoporous birnessite 

layer. After some time, these ions can be found in the entire volume 
of the catalyst, with especially high concentrations at the top of the 

catalyst layer (where a new, probably re-precipitated material is 

formed) and on the inner surfaces of the pores. 

The interpretation of XPS and NEXAFS data for a nanocrystal-
line, partially disordered manganese oxide like birnessite is com-

plex and far from routine. However, our analysis is in agreement 

with previous investigations which indicated that the redox equi-

librium Mn3+  Mn4+ is of central importance for OER catalysis 
by birnessites. A significant concentration of Mn3+ ions at the sur-

face of the oxide might be key for the material to be catalytically 

active. Mediated by bridging oxygen atoms, Mn cations interact 

with both calcium (which seems to influence its oxidation state) 
and phosphorous during electrocatalysis and furthermore Ca2+ and 

HnPO4
(3-n)- additionally seem to form some kind of aggregates 

within the material as detected by XPS. 

Overall, the operation of Ca-birnessite as water-oxidation cata-
lyst in phosphate electrolytes significantly alters the manganese  

oxide material. Especially striking is the incorporation of (hydro-

gen)phosphate anions into the catalyst, where they stabilize Ca2+ in 

the structure and might additionally act as “internal bases” to  
shuttle protons released from the OER reaction at catalytic sites 

into the bulk of the solution. These special effects of the interaction 

of HnPO4
(3-n)- with the catalyst might explain the markedly better 

OER-performance of the Ca-birnessites catalyst material in phos-
phate solutions in comparison to other buffering electrolytes. We 

would like to add that the processes described here might be closely 

related to the incorporation of phosphate ions into the much-studied 

“CoPi”-catalyst films generated by the electrodeposition of cobalt 
from phosphate-containing solutions.60 Thus amorphous CoOx- 

and nanocrystalline, layered MnOx- electrocatalysts for water-oxi-

dation show an important similarity: in addition to the atomic struc-

ture and morphology of the catalyst material, the interaction of the 
oxides with the ionic components of the electrolyte is of central 

importance for the catalytic process. 

Supporting Information. Additional TEM analysis and spectro-
scopic information can be found in the supplemental information. 

This material is available free of charge via the Internet. 
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