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 Fundamental studies of catalysts based on manganese oxide compounds are 
of high interest since they offer the opportunity to study the role of variable 
valence state in the active state during O 2  evolution from H 2 O. This paper 
presents a study of doping dependent O 2  evolution electrocatalysis of Pr-
doped CaMnO 3  via in situ environmental transmission electron microscopy 
(ETEM) combined with ex situ cyclic voltammetry studies. ETEM studies of 
heterogeneous catalysis are a challenge, since the reactions in the H 2 O vapor 
phase cannot directly be observed. It is shown that the oxidation of silane by 
free oxygen to solid SiO 2-x  can be used to monitor catalytic oxygen evolution. 
Electron energy loss spectroscopy (EELS) as well as the in situ X-ray absorp-
tion study of near edge structures (XANES) in H 2 O vapor reveals that the 
Mn valence is decreased in the active state. Careful TEM analysis of samples 
measured by ex situ cyclic voltammetry and an in situ bias-controlled ETEM 
study allows us to distinguish between self-formation during oxygen evolu-
tion and corrosion at the Pr 1-x Ca x MnO 3 -H 2 O interface. Including density func-
tional theory (DFT) calculations, trends in O 2  evolution activity and defect 
chemistry in the active state can be correclated to doping induced changes of 
the electronic band structure in A-site doped manganites. 

 DOI: 10.1002/adfm.201103173 
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  1. Introduction 

 Oxygen evolution catalysis still represents 
the bottleneck for electro- or photo-chem-
ical water splitting. Here, the outstanding 
problem is control of the multi-electron 
transfer reaction in oxygen evolution from 
water, which requires the transfer of four 
holes for the liberation of one molecule of 
oxygen. The hole transfer to H 2 O and the 
intermediates formed during the oxida-
tion process requires a minimum energy 
of  Δ E 0   =  1.23 eV per carrier (superscript 
0 indicates thermodynamic equilibrium 
value at standard conditions if no other 
conditions are explicitly stated otherwise). 
The hole transfer can only be performed 
at low overpotentials if the catalyst can 
adjust the energy level of the donator 
states to the oxidation potential of H 2 O 
and all subsequent transition states. [  1  ]  This 
requires a suffi ciently complex atomic 
and electronic structure in the active state 
without suffering corrosive decomposi-
tion. The recent studies of structure and 
functionality of the CaMn 4 O x –based oxygen evolution center 
in natural photosynthesis [  2–5  ]  have provided insights into the 
pathway how nature solved the oxygen evolution challenge. 
The possibility that Mn-O compounds develop fl exible mixed 
Mn valence states which strongly infl uence the Mn-O bonding 
strength and the charge transfer is believed to be crucial in the 
evolutionary selection of Mn sites for O 2  evolution. [  7  ]  Although 
there is agreement about this general picture, many details 
such as the detailed arrangement of mixed Mn valencies are 
not understood. [  8  ]  

 Materials design of transition metal oxide catalysts relies 
heavily on the tailoring of electronic band structure and band 
occupation in the equilibrium state of the catalysts, in order to 
aim for optimum adjustments of the band edges to the oxida-
tion potentials (see e.g.) [  9–11  ] . Early mechanistic studies of per-
ovskite oxides by Bockris and Otagawa suggested a correlation 
of catalytic activity with bonding strength between the B-site 
transition metal and oxygen due to occupation of antibonding 
d-states. [  12  ]  These trends have been recently reanalyzed by sys-
tematic DFT studies. [  13–15  ]  Based on the assumption that O 2  evo-
lution from H 2 O happens by a sequence of reaction intermedi-
ates H 2  O  ∗    →  HO  ∗    →  O  ∗    →  HO 2   ∗    →  O 2 (g) ( ∗  indicates bonding 
of an O atom to the active B site), the main conclusion is that 
the B-O bonding strength represents a universal descriptor for 
the catalytic activity of O 2  evolution. [  16  ]  This confi rms the trends 
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observed by Bockris and Otagawa that the activity increases 
from LaCrO 3  (d 3 , strong O  ∗   binding) over LaMnO 3  (d 4 ), LaFeO 3  
(d 5 ), LaCoO 3  (d 6 ) to LaNiO 3  (d 7 , weak O  ∗   binding). A recent 
study by Suntivich et al. [  17  ]  demonstrates a volcano type rela-
tion between O 2  evolution activity and occupation of the anti-
bonding Mn 3d e g  states for different B-site cations. This cor-
relation differs from the one emphasized earlier, namely that 
between activity and the complete d-occupation on the Mn ion. 
Placing the focus specifi cally onto the occupation of the Mn e g  
states can be rationalized via the larger hopping integral along 
the  σ  − antibond as compared to the  π -bonding t 2g  states. How-
ever, despite the signifi cant progress in description of trends in 
the correlation between O 2  activity and electronic structure of 
complex oxides, many effects remain elusive. In particular, the 
effects of A-site doping on the band structure as well as the real 
non-equilibrium electronic and atomic structure in the active 
state are not well understood. 

 Based on their rich electronic phase diagrams and inspired 
by the role of fl exible Mn valence in the natural oxygen evo-
lution center, doped manganites AMnO 3  are particularly inter-
esting model systems for fundamental studies of active states 
in O 2  evolution. A-site doping via heterovalent substitutions can 
tune the charge carrier concentration in the d-band between 
d 4  (Mn 3 +  ) and d 3  (Mn 4 +  ). For example, in Pr 1-x Ca x MnO 3 , 
La 1-x Sr x MnO 3  and La 1-x Ca x MnO 3 , mixed Mn valence states 
can appear at intermediate doping [  18  ]  with a transition from 
overall p-doping at x  <  0.5 to overall n-doping at x  >  0.5. Due 
to electronic and electron-lattice correlation effects, doping can 
drastically alter the electronic band structure. Indeed, changes 
in A-site doping can induce transitions between phases with 
different band structure and magnetic properties sensitive to 
charge, orbital and polaron ordering. [  19  ]  At phase boundaries, 
such systems are very sensitive to external fi elds which can e.g. 
induce colossal resistance effects in electric fi elds. [  20  ,  21  ]  Fur-
thermore, studies of the active state must take into account the 
defect distribution and its evolution during the operation of the 
catalyst: Defects such as oxygen vacancies change the surface 
atomic structure and doping. They can thus affect the Mn-O-
bond strength during activity but also may induce catalyst 
corrosion. 

 Here, we present an explorative electrochemical study com-
bined with in-situ environmental TEM (ETEM) investigations 
of Pr 1-x Ca x MnO 3  (x  =  0.0 - 1.0) as a manganite model system for 
oxygen evolution catalysis with tunable Mn valence state. Our 
results give insight into the effects of A-site substitution and 
oxygen vacancy formation on the active state and the origin of 
electrode corrosion. High resolution ETEM based on aberration 
image C S -correction is a relatively new method. High resolution 
imaging (e.g. [  22  ] ) and observation of change of particle shape in 
gas has been demonstrated, [  23  ]  but only a few studies were pub-
lished on in-situ ETEM observations of catalytic processes. [  24–26  ]  
The infl uence of the electron beam on the catalyst is not well 
understood. Inelastic scattering of electrons in the catalyst can 
induce atomic displacements (knock-on damage) as well as 
electronic excitations (electron-hole pairs, secondary electron 
emission). A well known consequence of secondary electron 
emission in semiconductors is the formation of a positive elec-
tric potential. [  27  ]  Combining different control experiments, in 
particular, application of an electric bias to the catalyst during 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3378–3388
in-situ ETEM experiments and during in-situ X-ray absorption 
near edge spectroscopy (XANES), we can develop insights into 
the effect of the electron beam on catalytic activity. Furthermore, 
we discuss the interplay between atomic and electronic changes 
in the active states and what controls the transition into corro-
sive decomposition of the catalyst.   

 2. Results 

  2.1. Voltammetry Study of Oxygen Evolution 
and Electrode Reduction 

 We have performed systematic cyclic voltammetry (CV) studies 
of oxygen evolution at Pr 1-x Ca x MnO 3  (PCMO) thin fi lm elec-
trodes of different doping levels x. All CV studies are performed 
at 400 nm thick crystalline PCMO fi lm electrodes on Pt/MgO 
with dominant [001] orientation. At all doping levels 0 ≤ × ≤ 
0.8, oxygen evolution is observed for a positive potential above 
E 0 (H 2 O → 1/2 O 2 )  =  0.82 eV at pH  =  7. 

   Figure 1   shows representative CV series measured at two dif-
ferent doping level x  =  0.5 and x  =  0.8, respectively. For x  =  0.5, 
there is an additional reversible peak at E 0   ≈  1 eV (Figure  1 a). 
The relatively small separation between the anodic and cathodic 
current peak, the strong sweep rate dependence as well as the 
weak dependence on the I-U-cycle number (see  Figure    2  ) indi-
cate a reversible surface oxidation/reduction. As also confi rmed 
by TEM inspection, the electrode is entirely stable at U  =  1.43 V 
vers. SHE over a period of 90 min (see supporting informa-
tion Figure S2). In contrary, at x  =  0.8, an irreversible process 
centered at about  + 0.35 eV is observed (Figure  1 b). It is associ-
ated with high cathodic and even higher anodic current densi-
ties. Peak areas and separation signifi cantly increase with cycle 
number and thus clearly outweighing the sweep rate depend-
ency. This indicates fast electrode corrosion related to diffusion 
controlled phase transition. The chemical analysis of corroded 
electrodes by energy-dispersive X-ray spectroscopy (EDX) reveals 
an A-site dissolution at the electrode surface which manifests in 
the formation of an amorphous MnO x  surface (see supporting 
information Figure S2d).

    The exchange current density for oxygen evolution at thin 
fi lm electrodes is of the order of a few nA/cm 2  and shows a 
doping dependence with a maximum of j 0   ∼  11 nA/cm 2  at 
x  =  0.32 (Figure  2 a). The overpotential   η   required for O 2  evo-
lution approximately agree to the values observed by other 
authors. [  12  ,  17  ]  For A-site doping, the overpotential   η   exhibits a 
signifi cant decrease from x  =  0 to x  =  0.32 and no signifi cant 
trend for higher doping (Figure  2 b). The substitution x of Pr 3 +   
by Ca 2 +   can be translated into a Mn 3d e g  occupation which is 
presented in Figures  2 a and b as well and will be discussed in 
Section 3. For further details of electrochemical analysis, see 
supporting information, i.e., Figures S1, S2 and S3. 

   2.2. In-Situ Study of Activity via Environmental TEM 

 ETEM observation of catalytic activity of a material which 
catalyzes reactions in the gas phase is diffi cult, because small 
changes of the chemical composition of the gas must be 
3379wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     Cyclic voltammetry (CV) of single-crystalline Pr 1-x Ca x MnO 3  thin 
fi lms. (a) Current density ( j )–potential ( U ) curves for x  =  0.5 and sweep 
rates from 2.5 mV/s to 20 mV/s. (b) CV for x  =  0.8, cycles 8-9 at 10mV/s, 
cycles 11-12 at 2.5 mV/s, cycles 19-21 at 5 mV/s (c) Correlation between 
 j–  U  curve and O 2  mass signal at 2 mV/s for x  =  0.5.  
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     Figure  2 .     (a) Exchange current density for oxygen evolution and (b) over-
potential   η   for  j   =  1  μ A/cm 2  (circles) and  j   =  930  μ A/cm 2  (triangles) 
of PCMO thin fi lm electrodes as a function of doping x. Black symbols 
represent data of the second  I - U -cycle while blue symbols show data of 
the seventh  I - U -cycle.  
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monitored by mass spectroscopy. We found that the O 2  evolu-
tion can be monitored in the presence of small amounts of SiH 4  
to the H 2 O/He gas mixture. During oxygen production, SiH 4  is 
consumed and solid SiO 2-x  grows on top of the active crystalline 
surface of the catalyst. As will be evidenced in detail in the fol-
lowing paragraphs, we fi nd that electron beam induced SiO 2-x  
formation at crystalline PCMO edges in contact with SiH 4 /H 2 O 
vapor is due to electrocatalytic O 2  evolution, where the required 
positive potential develops due to secondary electron emission. 
Thus, the growth rate of the SiO 2-x  layer is a direct measure of 
catalytic activity for O 2  evolution. 
80 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 In high vacuum, PCMO (0  ≤  x  ≤ 1) is fully stable against beam 
damage in electron fl uxes of more than 10 6  e/(Å 2  s).  Figure    3  a 
reveals a high-resolution TEM image of a crystalline PCMO 
(x  =  0.32) sample edge before injection of H 2 O vapor at [001] 
zone axis. PCMO has space group Pbnm over the entire doping 
range which corresponds to the charge disordered phase and 
has been confi rmed by electron diffraction. In some thin areas 
near the edge to the vacuum, the sample reveals a 2  ×  2 super-
structure, which provides evidence for an oxygen defi ciency and 
a related oxygen vacancy ordering.  

 After injecting the H 2 O/He mixture with H 2 O partial pres-
sure of  ∼  0.013 mbar into the sample chamber, the sample is 
equilibrated for 30 min in the gas without electron exposure to 
account for thermal drift induced by convective cooling. Elec-
tron beam illumination of a crystalline PCMO sample area with 
10 4  e/(Å 2  s) induces immediate growth of an amorphous SiO 2-x  
layer at crystalline edges (Figure  3 b,c, see movie M1 in the sup-
porting material). Simultaneously, the 2  ×  2 superstructure gets 
more pronounced and is extended over a much wider area. The 
thickness of the SiO 2-x  layer rapidly increases within minutes to 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3378–3388
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     Figure  3 .     ETEM study of crystalline PCMO x  =  0.32 during electron and water exposure. (a) High-resolution bright fi eld TEM image acquired in high 
vacuum showing the pristine state of a grain at [001] zone axis with the crystalline area fully extended to the edge. The inset shows a electron diffrac-
tion pattern of the same area near [001] zone axis showing Pbnm Bragg refl ections with a 2  ×  2 superstructure. The same section as in (a) is shown 
during an ETEM experiment in water vapor, where the growth of an amorphous SiO 2-x  layer indicates oxygen evolution activity of the edge (b) 20 s 
and (c) 70 s after start of the electron beam stimulation. The grey circle is a marker for a specifi c edge location. (d–f) Interplay between catalysis and 
corrosion at another area of the same sample. (d) and (f) High-resolution TEM images of a grain at [201] zone axis after 300 s and 310 s of electron 
beam exposure in water vapor and resulting SiO 2-x  coverage. (e) Intensity modulation along the same line depicted in (d) and (f). The fi rst atomic 
column of this line is labeled as “1”. The distance between atomic columns along the lines corresponds roughly to half of the b lattice constant (0.285 
nm). The change from a periodical to a more or less statistical oscillation indicates the crossover from well-crystalline PCMO to corroded amorphous 
PCMO followed by SiO 2-x , respectively.  
several nanometers (Figure  3 b-c). Above a thickness of  ∼  10 nm, 
the growth rate drastically slows down. A subsequent analysis of 
this layer by electron energy loss spectroscopy (EELS) as well as 
by EDX clearly indicates that the layer consists of SiO 2-x  formed 
by oxidation of gaseous SiH 4 . The SiO 2-x  growth is observed all 
over the electron irradiated crystalline PCMO regions including 
the top and bottom surfaces. However, the spatial distribution 
within the irradiated region is inhomogeneous most likely due 
to surface topology and its impact on the SiO 2-x  nucleation. 

 The SiO 2-x  formation can entirely be suppressed by reducing 
the electron exposure below 10 3  e/(Å 2  s) and was neither 
observed by illumination of the Cu grid nor at amorphous 
PCMO edges for any intensity of illumination. A control exper-
iment at an amorphous edge of the same grain as shown in 
Figure  3  is presented in the supporting information (Figure S4). 
Therefore, oxidation of SiH 4  takes place only on top of regions 
with crystalline PCMO, while regions with amorphous PCMO 
remain inert. This rules out that SiH 4  is directly oxidized by a 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3378–3388
direct reaction with H 2 O vapor and suggests that SiO 2-x  growth 
can be used as an indicator for local O 2  evolution activity of the 
catalyst material (see also supporting information Figure S8). 

 In its active state during O 2  evolution, PCMO undergoes 
structural and electronic changes which have been studied via 
EELS in the ETEM and via in-situ XANES in water vapor (see 
 Figure    4  ). Changes in electronic structure are visible in the 
Mn core loss spectra which are acquired by EELS at distances 
between 3 nm and 30 nm from the interface to SiO 2-x . The peak 
ratio of the Mn-L 3  and Mn-L 2  lines is used to calculate the Mn 
valence (see supporting information for details). In the ETEM 
experiment (Figure  4 a), the L 3 /L 2  peak ratio increases from the 
virgin state in high vacuum to the state measured directly after 
performing active O 2  evolution in H 2 O vapor and switching 
back to high vacuum mode. The increase of the L 3 /L 2  peak 
ratio is measured all over the electron-beam exposed area and 
indicates a reduction of the Mn mean valence from  + 3.2  ±  0.7 
(virgin state) to values around  + 2.0  ±  0.9 (post mortem analysis 
3381wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     Change of the Mn L-edges in the active state of PCMO x  =  
0.32 revealed by in-situ ETEM (a) and in-situ XANES (b) experiments. 
(a) Core loss EELS spectra after Hartee-Slater background subtraction 
before and after electrocatalytic O 2  evolution. Both spectra are acquired 
in high vacuum mode before switching to and after switching back from 
ETEM operation mode and stimulating the sample in 0.013 mbar H 2 O 
vapor with 10 4  e/Å 2 s. The L 3 /L 2  ratio increases from 2.5 to 4.8. (b) In-situ 
XANES study of two PCMO fi lms s1 and s2 with x  =  0.32 in UHV and in 
contact with H 2 O vapor at different positive bias. The increase of inten-
sity at the L 3  edges at about 640.3 eV indicates an increasing fraction of 
Mn 2 +  . [  43  ]   
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of active state). The measured Mn valence in the virgin state 
corresponds to the valence of  + 3.3 which is expected from the 
hole doping at x  =  0.32.  

 A mean valence close to 2 +  without changes in the cation 
composition corresponds to the formation of Mn 2 +   in electron-
doped Pr 0.68 Ca 0.32 MnO 3- δ   with  δ   ≈  0.5 during catalytic activity. 
The transition to the Brownmillerite phase via progressive 
oxygen vacancy creation and ordering in the major part of the 
stimulated area is also supported by increase of area with 2  ×  2 
superstructure. In order to rule out that oxygen vacancy forma-
tion is mainly due to the effect of high energy electrons in the 
ETEM, XANES measurements of the change of the Mn L 3 /L 2  
82 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
edges of PCMO fi lms (x  =  0.32) in contact with H 2 O vapor were 
performed. In addition, the change of the Mn L-edge in con-
tact with H 2 O vapor and under application of a positive bias is 
monitored (Figure  4 b). The shift from 641.9 eV to a lower exci-
tation energy of 640.3 eV confi rms the decrease of Mn valence 
state through an increase of the fraction of the Mn 2 +   species. 
Although the excitation conditions are very different, the 
same trend in Mn valence change is observed via both in-situ 
methods, where the electrodes are in contact with H 2 O vapor. 
It is most likely that the observed Mn valence decrease is an 
intrinsic feature of the active state of PCMO at x  =  0.32. The 
formed phase which is similar to oxygen defi cient Brownmill-
erite is quite stable in the active state and can be well separated 
from corrosion process.   

 2.3. In-Situ Study of Catalyst Corrosion Via Environmental TEM 

 The combination of electron beam exposure at 10 4  e/(Å 2  s) and 
water environment causes corrosive degradation of PCMO at the 
interface to SiO 2-x  which is rather slow for x  =  0.32 and fast for x  ≥  
0.75. Dynamic observations are shown in the supporting infor-
mation (movies M2 for x  =  0.32 and M3 for x  =  0.95). Analyzing 
the time evolution of a row of atomic columns (Figure  3 d–f), 
the periodic oscillations which indicates well-crystalline PCMO 
(x  =  0.32) are reduced by two atomic columns in 10 s via amor-
phization. Notably, the growth of the SiO 2-x  layer is  ∼ 10 nm/min, 
much higher than the interface recession of  ∼ 1.8 nm/min. The 
ratio of the rates of SiO 2-x  formation to PCMO degradation indi-
cates catalytic turnover numbers of about 10 under the specifi ed 
ETEM conditions. Thus, reduction of the PCMO (x  =  0.32) is not 
a main source of oxygen for SiO 2-x  formation. 

 In strong contrast, non-doped PrMnO 3  and PCMO 
electrodes with high Ca concentration (x  =  0.8, 0.95 and 
1) undergo drastic corrosion processes in ETEM experiments 
at the same H 2 O partial pressure and electron fl ux. As a typical 
example,  Figure    5   shows the results for x  =  0.95. Crystalline 
edges remain completely stable under electron irradiation of 
more than 10 6  e/(Å 2  s) in high vacuum (Figure  5 a). Exposure 
to water with partial pressure of  ∼  0.013 mbar under an elec-
tron fl ux of 10 4  e/(Å 2  s) causes fi rst re-crystallization toward an 
intermediate phase with a crystal symmetry incompatible with 
perovskite structure and subsequently a transition to a nearly 
amorphous phase with some nanocrystalline grains (Figure 
 5 b,c). The diffraction spots originating from the recrystallized 
phase are signifi cantly broadened compared to the sharp refl ec-
tions of the initial crystal phase (Figure  5 d,e). This broadening 
may be interpreted in terms of an initiating chemical decompo-
sition. This is confi rmed by the contrast variations within the 
recrystallized domain in the annular dark fi eld STEM image in 
Figure  5 c. It is acquired at a scattering angle of 35–70 mrad and 
is thus a mixture of diffraction contrast and Z contrast. Local 
EELS analysis of corroded recrystallized as well as amorphous 
regions shows presence of Pr, Ca, Mn and O, but the Ca/Mn 
ratio is decreased by 30–40% after water exposure. This indi-
cates a substantial A-site depletion and decomposition of Ca-
rich compounds in water vapor. In the early stages of the elec-
tron-beam driven reaction, small nuclei of SiO 2-x  start to grow 
but quickly disappear during the progression of the corrosion 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3378–3388
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     Figure  5 .     Corrosive behavior of PCMO x  =  0.95 bulk exposed to H 2 O vapor during stimulation with 300 kV electrons. (a) Bright fi eld TEM image before 
gas injection shows a crystalline sample edge in the [-110] zone axis. The corresponding diffraction image (d) reveals Pbnm structure. Bright fi eld TEM 
image (b) and annular dark fi eld STEM image (35-70 mrad collection angle) (c) of the same area after exposure with 2 min electron fl ux of 10 4 e/Å 2 s in 
0.013 mbar H 2 O. A pronounced corrosion due to recrystallization and subsequent amorphization is observed. Unreacted and amorphous regions are 
separated by recrystallized domains. Only one small nucleus of SiO 2-x  is observed (white circle). (e) The diffraction pattern of the recrystallized domains 
reveals a crystal symmetry inconsistent with the initial Pbnm symmetry and is most likely Mn rich cubic phase. The observation that the recrystallized 
region exhibits a unique crystal orientation and symmetry with broadened peaks combined with the strong inhomogeneity of contrast in the STEM 
images indicates an initiating chemical decomposition. (f) The diffraction pattern of the amorphous regions.  
process. With a rate of  ∼  80 nm/min, the corrosion front in the 
x  =  0.95 samples moves 80 times faster than for x  =  0.32 and no 
catalytic turnover is obtained.    

 2.4. Bias Control of Processes Via an Electrochemical Cell 

 Our hypothesis that an electron beam induced positive electric 
potential due to secondary electron emission drives the elec-
trocatalytic activity of PCMO as well as the corrosive degrada-
tion can be directly proven by application of an electric bias to 
the PCMO electrode. In order to perform this electrochemical 
ETEM experiment under well controlled conditions, we have 
used a TEM sample holder with a piezo-controlled nanotip, 
where an electric potential can be applied to the TEM sample 
( Figure    6  ). The so formed electrochemical cell is composed of a 
PCMO working electrode (x  =  0.95), a Pt/Ir tip as counter elec-
trode and the He/H 2 O/SiH 4  gas mixture as an analogue to an 
electrolyte. In order to minimize the resistance between both 
electrodes, the tip is carefully set into contact with the working 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3378–3388
electrode (Figure  6 a,b). At a negative voltage of about  − 1 V, nei-
ther SiO 2-x  formation nor corrosive recrystallization/amorphiza-
tion processes are observed (Figure  6 c,d) although the same 
electron fl ux was applied for stimulation as in Figure  5 . As 
confi rmed by electron diffraction (Figure  6 d), the Pbnm crystal 
structure remains entirely intact. The observed change in the 
shape of the electrode during the ETEM experiment at  − 1 V 
is due to mechanical contact forces between the tip and the 
sample.     

 3. Discussion 

  3.1. Band Structure Trends in O 2  Evolution Activity 

 Understanding catalytic O 2  evolution requires detailed under-
standing of the strengths of Mn-O and O-O bonding at the 
surface as well as of the charge transfer processes of hole car-
riers between the electrode surface and the adatoms. The full 
theoretical description of such processes including surface 
3383wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     Two electrode electrochemical cell in the ETEM with PCMO x  =  0.95 working elec-
trode and Pt/Ir as a counter electrode. (a) Bright fi eld overview TEM image shows the two elec-
trode confi guration with a well-crystalline PCMO (x  =  0.95) grain at [001] zone axis in the virgin 
state just before and (b) during contact with the PtIr tip. (c) Bright fi eld image of the same grain 
after H2O and electron expose with applied bias of -1V. The absence of SiO2-x growth indicates 
that oxygen evolution is suppressed at negative bias. (d) Diffraction pattern after reaction in 
gas. Neither recrystallization nor amorphization is observed and the perovskite structure of the 
electrode remains entirely intact. (e) Sample holder with piezo-controlled nanotip which is used 
to set up the electrochemical cell (see section 5).  
states in the active state of the catalyst is far beyond the scope 
of this work. We focus here on the effect of A-site doping on the 
bulk band structure of PCMO in order to discuss the observed 
doping trends. The main features are schematically shown in 
 Figure    7   taken into account experimental data as well as DFT 
calculations (for details see supporting information, Figures S5 
and S6).  

 CaMnO 3  is a charge-transfer insulator, i.e. the valence band 
top is made from O-2p states, while the conduction band is dom-
inated by Mn d e g  states. [  28–30  ]  In contrast, PrMnO 3  resembles a 
Mott insulator, where however, the band gap is between the lower 
and upper Mn 3d e g ↑ 1  and Mn 3d e g ↑ 2  bands which are split by a 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
static cooperative Jahn-Teller effect. Therefore, 
the upper valence band edge and the lower 
edge of the conduction band are both domi-
nated by anti-bonding Mn 3d e g ↑   states. 

 If a rigid band approximation applies for 
different doping levels the substitution of 
Pr 3 +   by Ca 2 +   leads to hole doping of the lower 
e g -band in Pr 1-x Ca x MnO 3  visible in a shift of 
the work function   ϕ  . However, the available 
data for   ϕ   in PCMO in the doping range 0  ≤  
×  ≤  1 (see supporting information S6) show a 
small drop between x  =  0 and x  =  0.3 which 
refl ects the disappearance of the band gap 
for 0.3  ≤  ×  ≤  0.7 at room temperature. [  31  ]  In 
this doping range, a low-temperature charge/
polaron ordered phase is present, where the 
lower e g  band is further divided. In the charge 
ordered state, the opening of a gap of 0.25 
(×  =  0.3) to 0.15 (x  =  0.5) eV is observed. [  32  ]  
The nearly constant   ϕ   value up to x  =  1 indi-
cates a reorganization of the top valence band 
edge with an increasing weight of O 2p states 
which ends in the establishment of an charge 
transfer insulator at x  =  1. 

 Our study of the trends in catalytic O 2  evo-
lution activity as a function of A-site doping 
show interesting correlations to specifi c 
changes in the electronic band structure. We 
observe an increase of the exchange current 
density and decrease of the overpotential 
for increasing e g  occupation (Figure  2 ) with 
the exception of x  =  0 which requires much 
larger overpotentials. It is shown for several 
perovskite oxides in the study of Suntivich 
et al. [  17  ]  that Mn 3d e g  occupation is a good 
descriptor for the Mn-O bonding strength 
which determines the left side of the vol-
cano. [  13  ]  Except for x  =  0, the trend in our data 
agrees with this statement (see supporting 
information S7). In this doping range (0.3  ≤  
×  ≤  0.8), a “metal-like” Mn 3d e g -O 2p conduc-
tion band is formed at the Fermi level and its 
occupation can be continuously changed with 
x. In contrast, for undoped PrMnO 3  with the 
highest nominal e g  fi lling, the e g  band is split 
due to a cooperative Jahn-Teller effect and 
orbital ordering (Figure  7 ). The splitting signifi cantly reduces 
the energy of the occupied Mn 3d e g ↑ 1  states. Such strong 
changes in the band structure indicate that a picture, where the 
strength of the Mn-O bond simply depends on the occupation 
of an otherwise rigid e g  band has serious limitations when cor-
relation effects become important. 

 Most favorable electrocatalytic properties are observed for 
p-doped PCMO in a doping range 0.3  ≤  x  ≤ 0.5, where hole car-
riers are polarons with relatively high mobility and have mixed 
Mn 3d e g  and O 2p character. From the highest j 0  in that doping 
range, we conclude that such mobile hole states in more or less 
covalent Mn-O bonds can establish the most effi cient charge 
transfer across the PCMO-H 2 O interface.   
nheim Adv. Funct. Mater. 2012, 22, 3378–3388
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     Figure  7 .     Schematic evolution of the band structure of Pr 1-x Ca x MnO 3  
based on DFT calculations and literature results (see supporting infor-
mation Fig. S5 and Fig. S6). The schematic representation mainly focuses 
on change in the work function (Fermi level), the splitting and shifts of 
the Mn 3d e g  majority states due to the Jahn-Teller effect, the shift in 
the O2p states and the resulting overlap of Mn 3d and O 2p states. The 
energy scale is shown with respect to the vacuum level and to the electro-
chemical SHE. Potentials E 0  for oxygen and hydrogen evolution at pH  =  
7 are also indicated.  
 3.2. Electron Beam Driven O 2  Evolution Catalysis in the ETEM 

 The two major excitation effects of 300 keV electron beam are 
related to inelastic scattering at atomic nuclei and electrons. 
The former can generate element specifi c atomic displace-
ments (knock-on damage) above a critical acceleration voltage 
and above a critical electron fl ux (see e.g.) [  33  ] . The latter can 
generate electronic excitations such as electron-hole generation 
and secondary electron emission. Emission of secondary elec-
trons can leave holes behind them. Depending on the mobility 
of charge carriers in the material secondary electron emission 
thus can generate a positively charged area at samples with 
potential up to several 10 V. [  27  ]  For PCMO under an electron 
fl ux of 10 4  e/(Å 2  s), we estimate a potential of the order of  ∼  
1 V, a value which is also evidenced by the observation that elec-
trochemical activity can be fully suppressed by a negative bias 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3378–3388
of 1 V. A quantitative modeling of the induced positive space 
charge layer is beyond the scope of this paper and will be pub-
lished elsewhere. [  34  ]  Depending on the exact value of the oxida-
tion potential E(H 2 O → O 2 ) under ETEM conditions, the beam 
induced positive potential is thus able to shift hole states to a 
positive overpotential and thus drive the electro-catalytic O 2  
evolution. 

 Electron beam driven SiO 2  growth represents a direct solid-
state indicator for electrocatalytic activity of crystalline PCMO 
edges. Under ETEM conditions, the SiH 4  oxidation is corre-
lated to electrocatalytic oxygen evolution at PCMO electrodes 
using the H 2 O/He/SiH 4  gas mixture as an electrolyte. Direct 
SiH 4  oxidation either via deoxygenation of PCMO or via reac-
tion of H 2 O can be directly excluded since SiO 2-x  growth does 
not happen under electron beam stimulation if PCMO corro-
sion becomes signifi cant or at an inactive PCMO edge (e.g. 
amorphous areas due to TEM sample preparation). The electro-
catalytic O 2  evolution is also visible by the increase of the O, O 2  
and H 2  mass signals when the electron beam is shifted from 
vacuum to a catalytic active sample edge (see supporting infor-
mation S8).   

 3.3. The Active State of the Catalyst 

 Oxygen vacancies at oxide catalyst surfaces often play an impor-
tant role for catalytic activity (see e.g.) [  13  ] , since they infl uence 
coordination, bonding strength, doping and electronic states 
at the surface. Our observation of Mn valence decrease during 
oxygen evolution activity (ETEM) and under similar conditions 
in in-situ XANES gives direct evidence that oxygen vacancies 
(V O ”) are formed during oxygen evolution activity. The obser-
vation of Mn 2 +   in ETEM correlates with pronounced 2  ×  2 
superstructures which are typically observed in oxygen defi cient 
manganites. [  35  ]  

 CV measurements show the presence of a reversible redox 
process at the surface of PCMO electrodes in the doping range 
0.3  ≤  ×  ≤ 0.5 near E 0 (Mn 4 +  /Mn 2 +  )  ≈  0.76 eV vers. SHE [  36  ]  at pH  =  
7. By taking into account our in-situ observations of the Mn L 
edges, this indicates a near surface vacancy formation process 
according to Pr 1-x Ca x Mn 3 + x O 3   +  2e ↔ Pr 1-x Ca x Mn 2 + x O 2.5   + V O ”  +  
½ O 2  at a redox potential of E 0  P  (Mn 4 +  /Mn 2 +  )  ≈  1 V vers. SHE. 
Compared to E 0  for MnO 2 /MnO this is slightly enhanced due 
to the increased stability of the perovskite structure. [  37  ]  The 
observed initial decrease of the current density in chronoam-
perometry measurement at U  =  1.43 V vers. SHE (supporting 
information Figure S2) by a factor of 3 can possibly be attrib-
uted to surface oxygen vacancy formation. Since the crea-
tion of oxygen vacancies leads to doping by two electrons per 
vacancy, a signifi cant decrease of the work function is expected 
by incorporation of oxygen vacancies. Indeed, Beyreuther et al. 
observe a decrease of   ϕ   by 1  −  1.7 eV in La 0.7 Ca 0.3 MnO 3- δ   and 
La 0.7 Ce 0.3 MnO 3- δ   for   δ    ≈  0.5 − 0.7. [  38  ]  Because oxygen vacancies 
represent electron donors, their formation energy increases 
with the energy difference between the upper edge of the O2p 
band and the Fermi level 

 The presence of a band gap, such as for CaMnO 3 , therefore 
hamper the oxygen vacancy formation and may facilitate phase 
separation into Ca-rich and Mn-rich phases with a subsequent 
3385wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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corrosive decomposition of the oxide. In contrast, the “metal 
like” valence band at intermediate doping can be continu-
ously fi lled up with electrons. The resulting increase of E F  may 
slow down the electrode reduction and facilitate O 2  evolution 
activity by an increasing Mn 3d e g  occupation (Figure  7  lower 
panel). 

 Although under ETEM conditions, the determination of 
equilibrium potentials for a redox reaction measured versus a 
reference electrode is not possible, our experiments show sim-
ilar trends in ex-situ and in-situ experiments. We therefore sug-
gest that both the formation of oxygen defi cient phases as well 
as oxygen evolution from water splitting can be driven by the 
positive overpotential   η   which develops under electron beam 
stimulation.   

 3.4. Corrosion Phenomena 

 Many perovskites are only stable during water splitting in alka-
line media. Under electrochemical stimulation at pH  =  7 oxygen 
evolution via water splitting can be counteracted by corrosive 
phase changes. Parallel trends are observed in CV and ETEM 
experiments, showing pronounced corrosion in Ca rich samples. 
In the CV and chronoamperometry experiments, we observe dis-
solution of Pr/Ca cations in the electrolyte after cycling to suffi -
ciently negative potential with respect to E 0  p (Mn 2 +  /Mn 4 +  ). A-site 
cation dissolution and electrode corrosion is typically observed 
for other perovskites in a range of E 0 (LaBO 3 /La 3 +  )  ≈  0.2 − 0.35 eV 
vers. SHE. [  39  ]  The presence of a MnO x  surface layer at the cor-
roded electrodes (see supporting information Figure S2d) sug-
gests a reaction according to AMnO 3   +  3H 2 O ↔ A n +  (aq)  +  
MnO 2-y   +  (1  +  y/2)O 2   +  2H 3 O  +    + 2e as a typical corrosion reac-
tion for perovskites in acidic aqueous solution . . 

 In the ETEM studies, we observe by EELS analysis that deg-
radation via recrystallization and amorphization in Ca-rich sam-
ples is accompanied by a Ca depletion of the reacted zones. The 
diffraction patterns of the Ca-depleted recrystallized areas are 
compatible with a cubic Ca-Mn-O phase which is subsequently 
transformed into MnO rich amorphous areas. This resembles 
the formation of Mn oxide in the ex-situ voltammetry experi-
ments due to A-site cation dissolution in the electrolyte. The 
suppression of the corrosion reaction via a negative potential 
in the in-situ ETEM experiment directly rules out that knock-
on damage is the main driving force for corrosion and gives 
strong evidence for the presence of electrochemically driven 
corrosion. 

 Corrosive behavior is increased for Ca-rich manganites due 
to reduced phase stability. Indeed, the formation enthalpy 
of A-site doped manganites decreases with increasing Mn 
valence. [  40  ]  Undoped CaMnO 3  has only a very narrow stability 
range in the pseudobinary CaO-MnO phase diagram and can 
easily decompose into Ca- rich and Mn-rich phases. [  41  ]  The 
decomposition kinetics can be strongly infl uenced by the defect 
chemistry of the catalyst in its active state: Because oxygen 
vacancy formation may be less favorable in the single phase 
CaMnO 3  pervoskite with a band gap, it can easily drive the 
phase decomposition and thus may play an important role in 
the catalyst corrosion.    
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
 4. Conclusions 

 Although manganites exhibit relatively large overpotentials for 
electro-catalytic O 2  evolution (e.g. in comparison to RuO 2 ), they 
represent interesting model systems for the study of the role of 
e g  doping, covalence and defect chemistry on catalytic activity. 
In particular, we observe that near surface oxygen vacancies 
are formed in neutral conditions (pH  =  7) which decrease the 
Mn valence and thus increase the e g  occupation. This may be 
essential for the observed reduced oxygen evolution activity 
compared to expectations of activity based on the equilibrium 
e g  doping level. First steps in understanding electron beam 
driven electrochemical processes in an ETEM are demon-
strated, where we observe oxygen evolution activity as well as 
corrosive decomposition. The suppression of O 2  evolution as 
well as corrosive processes via a negative potential in the in-
situ ETEM electrochemical cell, directly rules out that knock-on 
damage is the main driving force for corrosion and supports 
our conclusions that catalysis as well as corrosion is driven by a 
positive electrical potential. We fi nd that subtle band structure 
effects such as the splitting of the Mn 3d e g  states and changes 
in the character of the hole states have an impact on charge 
transfer during water oxidation and may decide whether oxygen 
vacancy formation is assisting catalysis or corrosion. Our fi nd-
ings may stimulate more detailed and atomic level studies on 
the role of oxygen vacancies for catalytic activity in perovskites. 
We expect that strategies which can stabilize non-equilibrium 
concentrations of defects in the active state of the catalyst and 
can thereby improve the catalytic activity without corrosion 
are of high importance for the future optimization of catalyst 
materials.   

 5. Experimental Section 
  Sample Preparation:  Bulk Pr 1-x Ca x MnO 3  samples (x  =  0.32, 0.8, 0.95, 

1.0) were prepared via a grinding and sintering process starting from a 
stoichiometric mixture of dry Pr 6 O 11 , CaCO 3 , and Mn 2 O 3  powder. After 
repeated milling in a ball mill and calcination in air, cold-pressing and 
closing sintering at 1370 K for 48h, the polycrystalline samples reveal only 
the orthorhombic phase (space group: Pbnm) with a small amount of 
the charge-ordered P2 1 nm PCMO for x  =  0.32 but no secondary phases. 
From the bulk sample electron-transparent specimens were prepared by 
a polishing and dimpling process and a fi nal single-sided Ar ion etching 
at 3 kV at an angle of 12 o . The sample used for electrochemical TEM 
(Figure  6 ) was cut via focused-ion-beam (FIB) in a FEI Nova Nanolab 
600 using Ga ions with energies ranging from 30keV and 7nA (initial 
cuts) to 5keV and 29pA (fi nal Ga-milling). Finally, Ar ion etching at 3 
kV at an angle of 12 o  is performed in order to minimize the amount of 
FIB-damages sample volume. Depending on the position, grains with 
diameter of several 100 nm can reveal well-crystalline edges as well as 
amorphous edges. This indicates that irradiation damage like oxygen 
vacancies cannot be completely excluded. The samples were glued either 
on a copper grid or on a tantalum ring and electrically grounded to 
minimize electric charging effects. 

 Pr 1-x Ca x MnO 3  thin fi lms (x  =  0-0.8) for CV studies were deposited by 
ion-beam-sputtering at a deposition temperature of T dep   =  795  ° C and an 
oxygen partial pressure of P O2   =  10  − 4  mbar. 400 nm thick PCMO fi lms 
with different Ca contents were deposited on almost single-crystalline Pt 
templates on [100] MgO, in order to obtain a conducting back-contact. 
The PCMO fi lms are predominantly [001] orientated but typically twinned, 
leading to a [110]-orientated volume fraction. [111] misorientations in the 
Pt give rise to a volume fraction of [112] grains in the PCMO. Inspection 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3378–3388
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of the PCMO fi lms via optical and scanning electron microscopy shows 
complete coverage of the template without any holes or cracks. Undoped 
CaMnO 3  fi lms (x  =  1) have been excluded from this study because they 
have not been successfully prepared as single phase material.  

 In-situ ETEM experiments and electron loss spectroscopy:  A C s  image-
corrected FEI Titan 80 – 300 kV electron microscope with a point 
resolution of 0.08 nm including a differentially pumped environmental 
cell is used for electron diffraction, high-resolution imaging and electron 
energy loss spectroscopy (EELS). The base pressure without gas injection 
is 10  − 6  mbar. Water injection is performed by inlet of He gas bubbled 
through distilled water. The total pressure during exposure amounts 
to 1.3 mbar with an estimated H 2 O partial pressure of 0.013 mbar. In 
order to study chemical reactions at catalyst-vapor interfaces, a gaseous 
sacrifi cial Si-containing compound is used. In preliminary experiments, 
we observed that SiH 4  is present as an impurity in the sample chamber. 
The correlation between silane oxidation to solid amorphous SiO x  by 
suffi cient amounts of evolving oxygen at crystalline catalyst surfaces is 
used for systematic studies of the catalytic water splitting activity in a 
series of 8 PCMO samples with different doping levels (x  =  0, 0.32, 0.8, 
0.95 and 1). High-resolution bright fi eld imaging is performed on PCMO 
grains orientated to a low index zone axis. 

 A Gatan Tridiem energy fi lter for Electron Energy Loss Spectroscopy 
(EELS) and elemental mapping is installed. For high spatial resolution of 
 ∼ 1.5 nm EELS measurements are performed in the scanning TEM mode 
with an energy resolution of 1.2 eV in high vacuum before and after the 
gas exposure. For details of the analysis of the Mn L edge, see supporting 
information. EDX line scans shown in the supporting information 
Figure S2 are performed in a Philips CM12 electron microscope at 
120keV in the scanning TEM mode with a spatial resolution of  ∼ 10 nm 
and an energy resolution of 130eV.  

 Electrochemical cell within the ETEM:  An electrochemical cell is 
realized within the ETEM sample chamber using a sample holder which 
includes a piezo-controlled STM Pt/Ir tip (Nanofactory). It allows for 
application of a bias voltage to the electron-transparent sample and to 
use the Pt/Ir tip in contact with specifi c sample areas as the counter 
electrode. Bias voltages between  − 1.5 V and  + 1.5 V applied to the TEM 
sample are suitable to control electrochemical reactions of a catalyst. 
The tip acting as a counter electrode remains grounded.  

 In-situ XANES measurements:  The X-ray absorption spectra (XANES) 
were recorded using tunable monochromatic radiation from the ISISS 
(Innovative Station for In Situ Spectroscopy) beamline at the synchrotron 
radiation facility BESSY II (Berliner Elektronenspeicherringgesellschaft 
für Synchrotronstrahlung). The monochromator slit was set to 60  μ m, 
corresponding to an energy resolution of about 0.2 eV. The spot size 
at the sample was 150 by 200  μ m. Epitaxial PCMO thin fi lm samples 
(x  =  0.32) on Pt/MgO were positioned about 2 mm away from a 1 mm 
aperture, which is the entrance to the differentially-pumped electrostatic 
lens system separating gas molecules from photoelectrons focused 
toward the hemispherical analyzer (PHOIBOS 150, SPECS GmbH). The 
experimental setup is described in more detail elsewhere. [  42  ]  Experiments 
were performed in ultra high vacuum (UHV) and in H 2 O vapor (fl ow 
of 3 ml/min. at 0.1 mbar). Sample 1 was put in to the UHV chamber 
without additional surface treatment and the Mn L core near edge 
features were measured in UHV and in H 2 O vapor with an applied bias 
of  + 1.3 V. Sample 2 was treated ex-situ in H 2 O (dest.) for 2 h. It was 
then exposed to Ar  +   sputtering in 1.3  ×  10  − 4  mbar Ar for 12 min in the 
transfer chamber to remove surface carbon. After stabilization of H 2 O 
pressure, an external bias of  + 1.3 and  + 1.8 V, respectively, was applied 
to the sample. The spectra presented here show the Auger electron 
yield (AEY). The intensities have been normalized with respect to the 
impinging photon fl ux.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3378–3388
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