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Abstract 
It is tedious to identify active, stable, and cheap electrocatalysts. Several studies show that the 
most active catalysts for the oxygen evolution reaction (OER) are composite materials based 
on noble metals. Further research on more abundant materials is required to develop a new 
generation of electrocatalysts. An interesting candidate for the OER is manganese oxide 
(MnOx) which is nature's solution for the OER as a part of photosystem II. Herein, we present 
a MnOx-based prototype catalyst, specifically MnO2 nanosheets deposited on a highly-oriented 
pyrolytic graphite (HOPG) support. We examine this catalyst's OER activity by combining 
classical electrochemistry, electrochemical scanning tunneling microscopy, and density 
functional theory calculations. We found the active sites close to the nanosheet edges and 
elucidated the related reaction pathway, explaining its high activity. This composite provides a 
more sustainable alternative to noble metal catalysts and demonstrates the potential of the metal 
oxide MnO2 as an energy material. 
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Introduction 
Photosystem II (PS II) plays a key role in nature to drive the oxygen evolution reaction (OER) 
and can be found in plants and cyanobacteria[1,2,3]. Herein, the active site in this protein is a 
molecular manganese oxide cluster Mn4CaO5, embedded in a protein matrix, whose structure 
was elucidated only a decade ago[4,5]. This molecular cluster drives the photoelectrochemical 
water-splitting reaction at very low overpotentials (about 0.3 V at pH 5)[6], although the 
underlying mechanism is still under debate. Elucidating the OER mechanism is challenging due 
to, among other reasons, the complicated electronic structure of the Mn4CaO5 cluster and the 
complex environment of the protein matrix[7,8,9]. Nevertheless, since researchers are seeking 
affordable alternatives for the most efficient electrocatalytic materials, which are expensive 
platinum group metals, some noble-metal free and manganese dioxide (MnO2)-based 
photoelectrocatalysts have been inspired by PS II[10,11,12].  

As the demand for clean and renewable fuel cells, for instance, has been increasing in the past 
years, MnO2-based heterogeneous catalysts (or functionalized variants of such as it has been 
done for, for instance, platinum[13]) can be considered as alternative material for 
photoelectrocatalysis[19]. Generally, heterogeneous catalysts can better be used on a larger scale 
and are more persistent than homogeneous catalysts[14,15]. Moreover, MnO2 is an abundant 
material on earth with large deposits around the globe[16], unlike more precious transition metal 
oxides such as rutile IrO2, RuO2, or perovskites being utilized as the most efficient OER 
catalysts[17,18]. Since MnO2 has also shown to be a promising candidate as an OER catalyst[19], 
far-reaching basic research is desirable to better understand the origins of these catalysts' 
performance. To further reduce the complexity of research in this regard, the host or substrate 
of the catalyst must be simplified. The ideal candidate to address this requirement is carbon 
which has been extensively studied in experiments and theoretically[20,21,22,23]. It is similarly 
abundant like MnO2

[16] and especially in its crystalline structure as highly-oriented pyrolytic 
graphite (HOPG). It is a popular candidate as a support material, considering its conductivity[24], 
and electrochemical properties[25], which have already been studied in-situ[26], and especially 
under OER conditions[27,28]. 

This work presents the experimental and theoretical characterization of the OER properties of 
the composite material MnO2/HOPG consisting of MnO2 nanosheets (MnO2NS) on a HOPG 
support. The MnO2NS consists of Mn–O6 octahedral units connected by shared octahedral 
edges forming a highly anisotropic 2D layer with a thickness of approximately 0.7 nm and a 
typical lateral size in the micrometer range[29,30]. Thus, the loading of MnO2NS on HOPG forms 
a nearly ideal 2D model catalyst surface with broad terraces and NS step-edges with minimal 
height[31]. First, we present the increase in total electrochemical activity due to the presence of 
MnO2NS compared to pure HOPG using linear sweep voltammetry, illustrated in a Tafel plot. 
Subsequently, we show the nanosheets' nature of active sites using electrochemical noise 
scanning tunneling microscopy (n-EC-STM), which enables an in-situ observation of the local 
activity[32]. These observations are supported and systematically explained by the most probable 
reaction pathways using density functional theory (DFT) calculations. Herein, the MnO2NS 
were modeled as a sheet of birnissite-type δ-MnO2, which has been shown to have similar 
features to the Mn4CaO5 in PS II[33,34]. These findings allow a fundamental understanding of 
the chemical process of the OER on MnO2NS, which can be used as a foundation for further 
research on MnOx-based catalyst materials. 
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Results and Discussion 
 
The catalytic activity of the MnO2NS for the OER was confirmed by higher currents for HOPG-
MnO2NS compared to pure HOPG (Figure 1a and Figure S1), although the reason for the 
exceptionally high slope in the low current region of the semi-logarithmic plot (Tafel plot) was 
unknown at present but will be explained further within the DFT part of this work. The presence 
of the MnO2NS was confirmed by the x-ray photoelectron spectroscopy (XPS) after the 
electrochemical measurement (cf. Figure S2 in the supporting information (SI)). The low Mn/C 
ratio was associated with the limited number of Mn atoms within the XPS detection depth, in 
which the majority was C atoms of the HOPG substrate, and the Mn atoms were present only 
on the HOPG surface as the MnO2NS. X-ray absorption near-edge structure (XANES) (Figure 
S3) and the pseudo-radial structure function (RSF), being obtained by extended x-ray 
absorption fine structure (EXAFS) (Figure S4), further characterized the MnO2NS. The peak at 
around 6.56 keV in the XANES spectrum and the two peaks at around 1.47 Å and 2.49 Å of 
the RSF indicate that the crystal structure of the MnO2NS is a layered δ-MnO2 birnessite-
type[31]. Additionally, birnessite is known to occur when MnO2 is present in an electrochemical 
environment[34]. Consequently, it is also valid to assume that the structure of MnO2NS is 
birnessite-typed. Therefore, this MnO2 crystal structure was utilized in our DFT calculations to 
model the MnO2NS.  

To understand these findings and to identify the most active sites for the OER, the in-situ n-
EC-STM technique was applied. The drawback of STMs is that it is generally unsuitable for 
distinguishing between different materials, and therefore, it is not straightforward to interpret 
the results on a composite material such as HOPG-MnO2NS. However, using specific 
evaluation techniques and systematically performed measurements makes it possible to identify 
the observed material with a high probability. First, to study the behavior of the EC-STM signal 
on this sample and to exclude influences by the electrolyte, a measurement in the air was 
performed, illustrated in Figure 1b. Here, a NS with a size of several hundred nanometers and 
a height of approximately 0.7 nm is measured (cf. line scans below and Figure S5), which agrees 
with other observations of MnO2NS[35,36]. The modeled height obtained from the DFT 
calculations is between 0.45 nm and 0.55 nm (Figures 1c and S15), which is close to the 
crystallographic thickness of 0.5 nm[31]. Since the measurements in Figure 1b were carried in 
the air, while our calculations were performed in a vacuum and at zero temperature and water 
and cations as spacers between the layers[34] were neglected for simplicity, both results are in 
reasonable agreement. Since the dimension of two overlying layers of HOPG (2 x 3.35Å[37]) is 
close to the one of a single layer of MnO2 (approx. 0.7 nm), it is not possible to identify the 
material only by the observation of the height profile in Figure 1b. 
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a) 

 

 

b) 

 

 

c) 

 

 

Figure 1. Characterization of the HOPG-MnO2NS sample. a) Relationships between OER 
current and electrode potential at HOPG and HOPG-MnO2NS in Ar-saturated 0.1 M KOH. 
at 25 °C. The potential scan rate was 10 mV s−1. b) STM measurement of a supposed 
MnO2NS in air and line scans of the sheet edges. Insert in the right top corner: Schematic 
model surface of HOPG-MnO2NS. c) Model of the HOPG-MnO2NS utilized in the DFT 
calculations. The predicted distances between the top graphene layer and the MnO2NS are 
shown and represented by the arrows.  

  

A more precise determination of the materials and identification of the active sites at OER 
conditions is reached using the n-EC-STM technique. Like classical EC-STM, the partly 
insulated STM tip is engaged close to the sample surface surrounded by the electrolyte solution. 
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When applying a reaction potential to the sample, electrochemical processes occur at 
catalytically active areas and locally alter the composition of the electrolyte solution, whereby 
the captured tunneling current fluctuates[32,38]. This results in visible spikes in the STM signal 
while an increased noise level corresponds to an increased local electrochemical activity. The 
noise disappears as soon as the applied potential at the working electrode is set to an 
electrochemically “neutral” value. In this way, an identification of the nature of the active sites 
is possible, as shown in Figure 2. More information on this technique is available in the Methods 
Section and previous literature[26,27,32,39,40,41,42]. 

 
a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

Figure 2. n-EC-STM measurement of an MnO2NS in 0.1 M KOH. A minor noise level 
increase on the MnO2 sheet and exceptional noise, and thus high activity near the sheet edges 
is visible. a) Three-dimensional view of an MnO2NS (yellow area) on a HOPG support (red 
area). The graph in the right insert confirms a significant activity on the sheet edges for OER 
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'On'. b) Two-dimensional top view of a) illustrating an increased noise behavior on the 
plateau for OER 'On' while the surrounding HOPG terrace remains rather inactive. c) 
Roughness analysis of the four areas marked in b), demonstrating the difference in the noise 
behavior at the plateau and the surrounding terrace. d) Line scans for OER 'On' (I) and 'Off' 
(II) highlighted as white lines in b). The active sites are found predominantly close to the 
sheet edges (upper graph), while the profile is almost noise-free for OER 'Off' (lower graph). 
e) Demonstration of the reproducibility of the activity behavior, including a comparison of 
two line scans for reaction 'Off', illustrating the absence of significant corrosion effects 
during the measurements. 

 

Figure 2a shows a MnO2NS in 0.1 M KOH at a potential of 600 mV versus a Pt quasi reference 
electrode (mVPt) on the left side (OER 'On') and at 0 mVPt on the right side (OER' Off') (cf. 
Figure S6). The significant noise behavior on the edges of the nanosheet (white spikes) for OER 
'On' indicates high activity. The increased noise level disappears at OER 'Off' on the right side, 
confirming the origin of the noise in electrocatalytic events. The correlation becomes more 
obvious in the inserted graph comparing the activity on the sheet edges at OER 'Off' (white) 
and OER 'On' (black). Here, by counting and normalizing the derivatives of the slopes of 
neighboring data points, one gets information about the captured roughness which is directly 
related to the activity. A lower amplitude and a larger full width at half maximum (FWHM) in 
OER 'On' than in OER 'Off' correspond to a higher distribution of derivative slopes and, 
therefore, to a higher activity. A more detailed explanation of this evaluation technique is 
available in the Methods Section and in references [40] and [43]. A white square in Figure S7a 
highlights the position of the evaluated area. One beneficial side effect of using the n-EC-STM 
technique is the opportunity to use insights on the relative activity of surface structures to draw 
conclusions on the observed material. For comparison, Figure S8 shows an area that consists 
only of the support material HOPG without any MnO2. The active centers are equally 
distributed on steps and terraces and not dominantly on steps as observed in Figure 2. These 
findings on HOPG steps with similar experimental conditions indicate once more the correct 
differentiation of the materials in Figure 2a. Note that the observed noise on HOPG became 
visible by increased gain settings (see Table S1) and is in good agreement with the findings of 
a previous study[27]. Another interesting result is that under reaction conditions, the surface on 
top of the NS (plateau) also shows a slight activity while the surrounding HOPG is largely 
inactive (cf. Figure 2a and b), which is confirmed and explained below by our DFT calculations. 
By comparing the normalized number of different slopes on top of the plateau and on the 
surrounding terrace for OER 'On' and 'Off', a miscellaneous noise behavior is observed. While 
the roughness on the plateau and on the terrace is very similar for OER 'Off' (cf. upper graph in 
Figure 2c), it is significantly more pronounced on top of the plateau in contrast to the terrace 
for OER 'On' (cf. lower graph). It is likely that this difference in the noise behavior for OER 
'On' results from a difference in the materials, which once more indicates MnO2 as the NS 
material and HOPG as the subjacent layer. 

Further, Figure 2d provides a side view of the activity in representative line scans for OER 'On' 
(upper graph) and OER' Off' (lower graph) with respect to the sheet height. In Figure 2e, starting 
on the left side of the image for OER 'On', the potential was switched 'Off' and 'On' multiple 
times. Neither the noise behavior nor the morphology of the sheet changed. We observed this 
process as reversible and did not find any evidence of corrosion during these experiments (cf. 
Figure S9). In summary, we can experimentally identify active sites on the entire MnO2NS with 
its highest activity close to the sheet edges, which is in accordance with the increased activity 
by MnO2NS illustrated in the Tafel plot in Figure 1a. To further elucidate the origin of the 
enhanced activity by MnO2NS and to identify the chemical moieties causing the higher 
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performance at their edges (Figure 2a), we performed DFT calculations as demonstrated in the 
following.  

Figure 3 summarizes the key results of the DFT calculations. Various model systems are 
constructed to model the complexity of the hybrid material. To identify the synergistic effects 
of the hybrid material, the system is first deconvoluted into the HOPG support and the MnO2 
components separately as shown in Figures S10 to S12 and S14, respectively. Our test 
calculation shows that using a single graphene layer is sufficient to model the HOPG support 
(Figures S13 and S19). The differences in the energetic landscape are negligible (Figure S19), 
and the charge-density-difference plots also reveal that the charge transfer from the graphite to 
the MnO2 sheet only originates from one graphene layer, while the other layers do not contribute 
to the charge transfer (Figures S38 and S39). After these calculations on the pristine 
components of the hybrid material, the hybrid material itself is modeled by basically two 
different approaches to capture the experimental situation: One model system consists of a 
graphene layer which is completely covered by a MnO2 sheet (Figure S16, MnO2NS@G) to 
simulate the conditions on the MnO2 plateau on which some low OER activity was detected in 
the n-EC-STM experiments (Figure 2a). The second model illustrated in Figures 3a and 3b (and 
Figures S24 and S25) also contains a graphene and MnO2 layer, but some space ("vacuum") is 
made between the MnO2 sheets to model the interface region (see also the results of our tests 
calculations in Figures S20 to S23). Within this model, we can study the catalysis of the edges 
of the MnO2 nanosheet (or nanoribbon) and the graphene layer. Figures 3a and 3b and S24 
show a model system with one site being oxygen-terminated and the other being Mn-terminated 
(MnO2NS-1ox@G), while Figure S25 shows a model with oxygen termination on both sites 
(MnO2NS-2ox@G). Further, Figure 3c summarizes the thermodynamics of all optimal OER 
pathways for each of the model systems considered in this work. 

a) 
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b) 

 

c) 

 

Figure 3. Results of the DFT calculations with a) showing the top and b) showing the side 
view of the MnO2NS-HOPG interface model with oxygen termination on one side and Mn 
termination on the other side (MnO2NS-1ox@G). Manganese, oxygen, and carbon are 
indicated as purple, red, and black spheres, respectively. The blue and yellow charge 
isosurfaces (isovalue: 0.02 e Å-3) illustrate charge depletion and charge accumulation regions, 
respectively. The free energy diagram in c) shows the calculated optimal free energy 
landscape of the OER of each model systems at the equilibrium potential 1.23 V vs RHE (cf. 
the catalytic cycle in Figure S18): MnO2NS (blue; shown in Figure S14); graphene (green; 
shown in Figure S10); ; the MnO2NS on graphene in which the MnO2 fully covers the 
graphene (Figure S16; yellow); the MnO2NS-HOPG with one side (red, 1ox and shown in a) 
and b) and Figure S24) and both sides (black, 2ox, shown in Figure S25) being oxygen 
terminated. The first proton-electron transfer step of the OER on a MnO2NS sheet, graphene, 
and MnO2NS@G sheet are potential-determining on all these model systems. However, the 
first proton-electron transfer step on the edge site at the MnO2-graphene interface is downhill 
in free energy and will therefore result in small currents and low overpotentials in the 
experiments, as shown in Figures 1a and 2. However, the potential-determining steps of the 
hybrid-edge models are the last proton-electron transfer steps to complete the catalytic cycle. 
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The terminal oxygen atoms bound to manganese could therefore explain the detected OER 
activity in the experimental measurements. 

Figures 3a and b reveal that a charge transfer occurs from the support material to the MnO2 
sheet. The same is found for other model systems like when a full sheet of MnO2 completely 
covers the graphene support (MnO2NS@G sheet) for which Bader analysis reveals that about 
0.02 e- per carbon atom are transferred to the MnO2 sheet (cf. the charge density difference plot 
in Figure S38). For the supercell we use as a model system (50 carbon atoms), this corresponds 
to a total of 0.81 e- being transferred to the MnO2 sheet. This finding is in agreement with 
intuition as the oxygen in the MnO2 sheet is more electronegative than the carbon in the 
graphene support. The carbons are, therefore, more likely to be positively charged in the 
presence of more electronegative oxygen moieties. It is also evident from the charge-density-
difference plots in Figure 3a and b that much charge density is rearranged due to the presence 
of the support. The charge is depleted from some Mn-O bonds and accumulates at the oxygen 
atoms at the edge of the nanosheet, enhancing the OER activity of hybrid material (Figure 3c). 
Furthermore, most charge transfer occurs from the support material to the MnO2NS around its 
edges (Figure 3a and b). The charge is therefore stored inside the terminal Mn-O bonds, 
increasing their activity even more (Figure 3c). 

To justify the prediction being made by the charge-density-difference plots, the OER was 
modeled at various locations of the hybrid material. Basically, probing the material, like in an 
STM experiment, is done here by carrying out calculations in which the energetic landscape of 
various OER pathways at different locations or in different model systems was explored. The 
thermodynamics of the OER pathways at these locations in the material are summarized in 
Figure 3c. To identify synergistic effects within the hybrid material, the OER pathways are 
modeled on a pristine graphene and MnO2 sheet, shown as the green and blue pathways, 
respectively. It is clear from these two pathways that the OER is unlikely to happen at these 
locations in the system, which is in agreement with the experimental observations (Figure 1a 
and 2a). The first proton-electron transfer step of the considered OER pathway has to surpass a 
high thermodynamic barrier in both cases (about 1.7 eV at U=1.23 V), where that step is also 
potential-determining for both systems. The given picture of the activity from the calculations 
agrees with the result in Figure 2a, in which it is evident that the HOPG shows negligible 
activity compared to other areas in the hybrid material. More activity, however, is seen on the 
terraces of MnO2 by the n-EC-STM measurements. This situation was modeled by the model 
system presented in Figure S16, and the obtained OER pathway is shown in Figure 3c (yellow 
pathway). The first step is still potential-determining, but the overpotential is reduced by about 
0.8 eV compared to the pristine components. This result indicates that the synergetic effects 
between the carbonaceous substrate and MnO2 sheet reduce the overpotential and enhance the 
activity of the hybrid material. Nevertheless, the overpotential is still around 1 eV, and therefore 
high, and only some activity at this location would be expected here. It should be noted that the 
model system is only an idealized case of the experimental situation in which oxygen vacancies, 
for instance, could further reduce the barrier and make the hybrid material more active. 
However, such a situation is beyond the scope of our study and is therefore not investigated 
here. Nevertheless, the results already captured the qualitative trend correctly in which the 
hybrid material at the MnO2 plateau is shown to be more active than its pristine components.  

The OER at the interface region or at the edges between the carbonaceous substrate and MnO2 
nanosheet is also explored to complete the analysis on finding the most active sites of the overall 
catalyst. Here, three possible active sites can be considered: A carbon of the substrate, an 
oxygen which is bonded to a single manganese atom (Mn=Otop), and an oxygen moiety which 
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bridges two manganese atoms (Mn-Obridge-Mn). The subscripts "down" and "up" indicate 
whether an OER intermediate is oriented in a direction to or away from the substrate, 
respectively, as exemplified in Figures S26 to S30 for the Mn=Otop,down site and Figures S31 to 
S35 for the Mn-Obridge-Mnup site. The optimal OER pathways of MnO2NS-1ox@G and 
MnO2NS-2ox@G are shown in Figure 3c in red and black, respectively, while all the others are 
summed up in Figures S36 and S37 in the SI. These results clearly identify the oxygen moieties 
at the edges of the MnO2 nanosheet as the most active sites in the hybrid system. The first 
proton-electron transfer step of the OER on the substrate is still thermodynamically challenging 
and potential-determining (Figure S36). This result was expected from the calculated OER 
pathway on pristine graphene (see the blue pathway in Figure 3c) and was confirmed by tests 
on MnO2NS-1ox@G (see the green pathway in Figure S36). On top, the MnO2NS are spatially 
more available for the reactants than HOPG as the MnO2NS are deposited on HOPG. 
Consequently, the steric hindrance for the reactants to reach the edges of the MnO2NS and to 
react at the interface is less than to reach HOPG. Therefore, the two oxygen moieties are shown 
to be the most active sites in the hybrid material (black and red pathways in Figure 3c and also 
Figures S36 and S37). The formations of the first OER intermediate (*OMnOH) at the edges 
require no additional potential at U=1.23 V but are downhill in free energy, except for the 
Mn=Otop site in MnO2NS-1ox@G (cf. Figure S36). It should therefore be facile to form this 
intermediate from a thermodynamic point of view. Significant overpotentials were found for 
many systems in the pathways at the edges of MnO2NS. The OER pathway with the lowest 
overpotential (1.30 V at U = 1.23 U) on MnO2NS-2ox@G is shown in Figure 3c, and the step 
is the last deprotonation step towards the pristine hybrid system. Note that this particular step 
is potential-determining for all edge sites on MnO2NS-2ox@G, but with higher overpotentials 
than at Mn=Otop,down (up to 2.0 V at U= 1.23 V; Figure 3c and S37). These results raise the 
concern that the catalytic cycles would not be closed. Nevertheless, they can explain the activity 
shown in Figure 2a. Since the first step requires no extra potential to be driven, the detected 
current or activity is predicted to be higher than at the other investigated locations. However, it 
is more likely that the reaction follows at the Mn-Obridge-Mnup sites in the MnO2NS-1ox@G 
which is shown by the red pathway in Figure 3c. Note that the MnO2NS in the MnO2NS-1ox@G 
preserve the chemical formula of MnO2, while MnO2NS-2ox@G is higher oxidized. The 
formation of the *OMnOH intermediate at the Mn-Obridge-Mnup sites in MnO2NS-1ox@G 
(illustrated in Figure S31) is less downhill in free energy than at most sites of the MnO2NS-
2ox@G system. However, the further pathway follows steps which require less overpotential. 
The overpotential of the potential-determining step, which is deprotonation of *OMnH, is 0.56 
eV (red pathway in Figure 3c). The potential-determining step at the other possible site 
Mn=Otop,down is the first deprotonation of adsorbed water and requires, however, 1.05 V 
overpotential at U =1.23 V (black pathway in Figure S36). Hence, the OER pathway at the Mn-
Obridge-Mnup sites in MnO2NS-1ox@G and this model system explain the experimental 
observations in Figures 1a and 2a best. Unlike the other possible reaction sites being considered 
in this hybrid material, this pathway's first step is thermodynamically favored at OER 
equilibrium potential and features a surmountable overpotential at ambient conditions. 
Additionally, this overpotential (0.56 V at U=1.23 V) is less than for the pristine components 
(about 1.70 V at U=1.23 V for both HOPG and MnO2), as it is shown in Figure 3c. These 
findings explain the enhanced activity (Figure 1a) and are in agreement with the n-EC-STM 
measurements (Figure 2a), but located the active centers even further.  

Our calculations, however, do not include kinetic effects, which can determine whether the rate 
of an electrochemical reaction is high enough to be feasible. Particularly, the formation of 
peroxide intermediates (*OOH) has been proven to be rate-determining, which is the first step 
in our investigated pathways[44]. Given the system size of our models, calculations on the kinetic 
barriers, like by utilizing the Nudge Elastic Band[45] method, are challenging and 



13 
 

computationally demanding. Grand-Canonical DFT calculations on the OER on other materials 
could, however, reveal that also the kinetic barrier of an electrochemical reaction is reduced 
when the potential is applied[46,47,48,49]. Hence, and given the fact that the first step of the OER 
is already very downhill in energy, a kinetic barrier is assumed to be passable. The Bell-Evans-
Polayni principle on the nature of transition states allows to expect a late transition state at 
reaction conditions and, additionally, a passable barrier. To conclude, our DFT calculations 
could reveal and explain not only the origin of the increased macroscopic activity but also the 
microscopic picture attributed to the source of activity at the edges at the interface between 
HOPG and the MnO2NS. Our calculations identified the oxygen atoms bound to manganese as 
the source of the electrochemical activity found in the experiment.  

  
Conclusions 
In this work, we aimed to elucidate the active centers of a HOPG-MnO2 hybrid material by 
utilizing macroscopic and microscopic methods as well as DFT calculations. After validating 
and characterizing the material, the Tafel plots revealed an increased catalytic performance of 
the hybrid material compared to pristine HOPG. To shed light on the origin of the enhanced 
OER activity, n-EC-STM measurements and DFT calculations were carried out. The n-EC-
STM technique can assess the local activity of surface features by a distinct increase in the STM 
signal's noise level under reaction conditions, while the DFT calculations can further locate the 
active centers and the corresponding reaction pathway with atomistic resolution. The HOPG 
substrate remains largely inactive, as monitored by n-EC-STM images which is explained by 
DFT calculations by a thermodynamic barrier of 1.70 eV for the formation of the first OER 
intermediate. In contrast, the MnO2NS plateau is active towards the OER, however, to a lesser 
extent than the sites near the edges. In both cases, the formation free energy of the *OMnOH 
intermediate is decreased compared to pristine MnO2. While a significant overpotential is still 
calculated for the *OMnOH formation on the plateau, this thermodynamic barrier vanishes at 
the edges of the MnO2NS and a surmountable overpotential of 0.56 V at OER equilibrium 
potential is found there. It explains the difference in activity at both locations in the n-EC-STM 
experiments. Similar structural features like Mn-Obridge-Mn and Mn=Otop at the edge of our 
hybrid material are also found in the active cluster of PS II Mn4CaO5. Therefore, our work on 
the simpler HOPG-MnO2NS hybrid system may provide further insights and ideas into the more 
complex nature of PS II. Due to the simplicity of HOPG-MnO2NS hybrid system, we could 
clearly assign the origin of the catalytic activity, which could help to clarify the mechanism of 
the OER in PS II.  

 
Methods 

MnO2NS preparation 
The MnO2NS were synthesized with a method similar to those reported previously[50,51,52]. 
Firstly, KMnO4 was heat-treated in an alumina crucible at 800 °C in the air for 10 h. The product 
was washed with distilled water, dried, and heat-treated again at 800 °C in the air for 20 h. An 
aliquot of 1 g of the obtained powder was added to 200 cm3 of 1 mol dm−3 HNO3 and shaken 
for 1 day at ambient temperature. The solution was replaced with 1 mol dm−3 HNO3 and shaken 
again for 1 day. This shaking process to exchange the cations in the obtained powder was carried 
out for 5 days in total. After removing the solution, an aqueous solution of 200 cm3 containing 
2.6 g of [CH3(CH2)3]4NOH was added, shaken for 10 days at ambient temperature, and finally 
centrifuged at 5000 rpm to obtain the MnO2NS dispersion as the supernatant. The measurement 
of X-ray absorption fine structure (XAFS) was performed in air at room temperature in 
transmission mode using synchrotron radiation at the BL01B1 beamline of SPring-8 at the 
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Japan Synchrotron Radiation Research Institute. The MnO2NS dispersion was dried in vacuum 
and mixed with BN. The mixture was pressed to form a pellet as a sample to measure the XAFS. 
The RSF was obtained through Fourier transformation of the k3-weighted EXAFS spectra using 
the REX2000 program (Rigaku). 

MnO2NS loading on HOPG 
MnO2NS were loaded on HOPG as substrates using a Langmuir-Blodgett trough (USI-3-22: 
trough volume, 250 cm3; trough area, 344 mm × 100 mm, USI) with a Wilhelmy plate 
tensiometer[53]. The trough was filled with 250 cm3 of the MnO2NS dispersion diluted to 7 mg 
dm−3, in which typically 1 cm3 of a 10% [CH3(CH2)3]4NOH solution was added. After leaving 
the dispersion still at 20 ºC for 30 min, the surface was compressed up to the surface pressure 
of typically 17 mN m−1 with the barrier swept at 0.5 mm s−1. Then the pressure was kept for 
further 30 min. The Langmuir film was transferred to the surface of the substrate, dipped 
vertically, and raised at 0.02 mm s−1 to obtain the MnO2NS-loaded HOPG (labeled HOPG-
MnO2NS).  

Electrochemical measurement of OER current 
The HOPG and HOPG-MnO2NS surface was masked using adhesive tape made of 
polytetrafluoroethylene (PTFE) with a hole of 6-mm diameter to expose the surface of 0.283 
cm2 and to form the working electrode. The electrochemical measurements were performed at 
25 ºC using an electrochemical analyzer (660B, ALS) and a three-electrode glass cell. The 
electrolyte was 0.1 M KOH prepared by diluting 3 M KOH (Ultrapur, Kanto Chemical) with 
high-purity water. The counter electrode was carbon cloth (EC-CC1-060T, ElectroChem), and 
the reference electrode was Hg/HgO (0.1 M KOH). The potential was repetitively scanned 
between 0.3 V and –0.9 V at 50 mV s–1 in an Ar atmosphere until a stable voltammogram was 
obtained. The OER current–potential relationship was measured in an Ar atmosphere at 10 mV 
s–1 from 0.3 V to 0.8 V. After rinsing the working electrode surface with high-purity water and 
drying it in air at room temperature, XPS was performed using an AXIS ULTRA DLD system 
(Kratos Analytical) with Al Kα radiation (1486.6 eV). 

n-EC-STM 
The EC-STM setup consists of a Nanoscope III SPM Multimode (Veeco Instruments) device, 
a Veeco Nanoscope Universal bipotentiostat and a Nanoscope IIID controller. The 
MnO2/HOPG sample was clamped between a TeflonTM ring and a metal base plate, fixed by 
screws and served as a miniature electrochemical cell. Next to the platinum reference electrode 
(wire, Ø = 0.5 mm, 99.99%, MaTecK, Germany) and a carbon rod counter electrode (rod, Ø = 
0.5 mm, 99.95%, Goodfellow GmbH), a mechanically cut STM-tip (wire, Pt80/Ir20, Ø = 0.25, 
99.9+%, Goodfellow GmbH), insulated with Apiezon® wax was used. The electrolyte 
employed for the STM measurements at room temperature was mixed from ultrapure water 
(Evoqua Milli-Q®, 18.2 MΩ cm) and potassium hydroxide pellets (99.99%, Sigma Aldrich). 
The applied potential of 600 mVPt for OER 'On' and of 0 mVPt for OER 'Off' was chosen 
according to the significant increase of the current at approximately 550 mVPt and the low 
current close to 0 mVPt illustrated in Figure S6.  

The evaluation of the images was performed by using the WSxM 5.0 Develop 9.4 software[54] 
and a Python script deriving the neighboring data points in the slow scan direction by using the 
function "numpy.gradient()" of the library NumPy and counting its relative number (cf. 
reference [40] and [43]). The normalized sums are plotted against the derivatives of the slopes 
with a bin size of 0.02 for 30 bins. 

DFT 
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All spin-polarized calculations were carried out utilizing the Vienna Ab-initio Software 
Package (VASP; version 5.4.4)[55,56]. A dipole correction was utilized to avoid interactions 
between adjacent images. The functional of Perdew, Becke and Ernzerhof (PBE) was applied 
to carry out all simulations[57,58]. In order to account for the self-interaction error of highly 
localized d-electrons in manganese, the Hubbard correction with the parameter UHub was 
applied and set to 3.90 eV[59,60,61]. We used the projector augmented-wave (P.A.W.) method to 
describe the ion-core interactions[62], choosing the following potentials: C (2s22p2, ENMAX = 
400.0 eV); H (1s1, ENMAX = 250.0 eV), O (2s22p4, ENMAX = 400.0 eV) and Mn (3p64s23d5, 
ENMAX = 269.9 eV). The cutoff was set to 450 eV for all simulations. Convergence criteria 
of 10-7 eV and 0.01 eV Å-1 were used for the total energies and forces, respectively. All atoms 
were allowed to relax to their optimal position. Gaussian smearing with a width of 0.05 eV was 
applied in all cases. The following gamma point meshes were utilized for each model system[63]: 
6x6x1 for graphene and graphite (two and three graphene layers) models and the hybrid material 
in which graphene and graphite are fully covered by a manganese oxide sheet; 6x2x1 for the 
interface models and 9x9x1 for a single manganese oxide sheet. All model systems with their 
cell constants are illustrated in Figures S10 to S12, S14, S16, S17, S24 and S25 in the SI and 
further described there. Furthermore, it explains the procedure to build the model systems of 
the hybrid material as graphene/graphite and MnO2 of the birnissite type crystallize in different 
structures: The pathway shown in Figure S18 was assumed for the OER on manganese oxide 
and the hybrid material, while the conventional mechanism is assumed for pristine graphene 
and graphite. To calculate the free energy of these OER pathways, the computational hydrogen 
electrode was utilized[64]. The free energies were obtained by correcting the DFT energies with 
zero-point energies (ZPEs), the entropic contribution (-TS) and the heat capacity CpdT which 
are listed in Table S2. To visualize the initial and final geometries and to calculate the charge 
density difference plots, the VESTA program was used[65]. Bader charges were calculated 
utilizing the Bader program[66].  
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