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ABSTRACT: A conventional performance metric for electrocatalysts that promote the oxygen evolution reaction (OER) is the current density at a 
given overpotential. However, the assumption that increased current density at lower overpotentials indicates superior catalyst design is precarious for 
OER catalysts in the working environment, as the crystalline lattice is prone to deconstruction and amorphization, thus greatly increasing the 
concentration of catalytic active sites. We show this to be the case for La3+ incorporation into Co3O4. Powder X-ray diffraction (PXRD), Raman 
spectroscopy and extended X-ray absorption fine structure (EXAFS) reveal smaller domain sizes with decreased long-range order and increased 
amorphization for La-modified Co3O4. This lattice deconstruction is exacerbated under the conditions of OER as indicated by operando 
spectroscopies. The overpotential for OER decreases with increasing La3+ concentration, with maximum activity achieved at 17% La incorporation. 
HRTEM images and electron diffraction patterns clearly show the formation of an amorphous overlayer with OER catalysis that is accelerated with 
La3+ addition. O 1s XPS spectra after OER show the loss of lattice-oxide and an increase in peak density associated with hydroxylated or defective 
regimes, consistent with Co(O)x(OH)y species in an amorphous overlayer. Our results suggest that improved catalytic activity of oxides incorporated 
with La3+ ions (and likely other metal ions), generally ascribed to enhanced intrinsic catalysis, is due to an increase in the number of terminal octahedral 
Co(O)x(OH)y edge sites upon Co3O4 lattice deconstruction, rather than enhanced intrinsic catalysis. 

INTRODUCTION 
Water splitting catalysis underpins all sustainable energy 

conversion schemes as the reaction is the source of proton and 
electron reducing equivalents, whether they are used for green 
hydrogen generation or for driving small molecule reduction 
reactions, the most popular of which is the reduction of CO2 to 
fuels. 1 – 4  The anodic half-reaction of water splitting—the oxygen 
evolution reaction (OER)—is the most kinetically demanding as 
two water molecules must be coupled to produce oxygen governed 
by a four-equivalent, proton-coupled electron transfer mechanism. 

5–7 Materials and chemical synthesis has delivered scores of OER 
catalysts over the past decade. 8  Of these, mixed-metal oxides are 
particularly attractive catalyst targets as they often exhibit increased 
OER activity.9–11 The origin of this enhanced OER activity of mixed-
metal oxides has been ascribed to several factors, including: (1) 
optimized metal–oxygen covalency and resulting favorable inter-
mediate energetics, 12 – 17  (2) strain and defect-induced reactivity 
enhancements, 18  – 24  (3) favorable entropic contributions to the 
water splitting reaction25 ,26 and (4) Lewis-acid promoted proton-
coupled electron transfer (PCET).27,28 Introduction of Ln3+ (Ln = 
lanthanide) ions to first-row transition metal oxides has recently 
appeared as an effective strategy to enhance water splitting.12, 29–37 
The large ionic radius of Ln3+ ions compared to those of first-row 
transition metals has been proposed to increase the likelihood of 
unique structural modifications to the oxide lattice. Indeed, La3+ has 
been shown to enhance OER catalysis of Co3O4 in acidic conditions 
and the La-Co3O4 system has been utilized as potential anode in a 
PEM electrolyzer.31 

In the simplest formulation, the current density for OER 
catalysis (jOER) is defined as,38–40 

 jOER = 4FkOER
0Cas*exp(αηF/RT) (1) 

is determined by the intrinsic catalytic rate (kOER
0, defined by the 

exchange current density), the overpotential for the OER (η) and 
the concentration of catalytic active sites (Cas*). Other parameters in 
eq (1) are the Faraday constant (F), the gas constant (R), the 
reaction temperature (T), and the charge transfer coefficient (α). 
Performance metrics for the OER often report the current density at 
a given overpotential, and an increased current at lower 
overpotential is ascribed to superior catalyst design, i.e., enhanced 
kOER

0. However, this assumption of an intrinsically “better” catalyst 
in the working environment is tenuous at best as a higher current 
density at a lower overpotential may instead be due to a higher 
concentration of active sites. This assumption in catalyst 
performance is especially problematic if the crystalline lattice of the 
OER catalyst in the working environment is prone to deconstruction 
and amorphization. For instance, one of the simplest unary metal 
oxides, Co3O4, has long been thought to be a superior OER 
catalyst. 41 , 42  In its pristine form, Co3O4 assumes a normal spinel 
lattice with divalent Co2+ ions residing in tetrahedral sites and 
trivalent Co3+ ions residing in octahedral sites of the cubic closed 
packed oxide lattice. However, high-resolution transmission 
electron microscopy (HRTEM) studies of crystalline cobalt oxides, 
such as LiCoO2 and Co3O4, under the conditions of OER reveal that 
the surface of the oxide is indeed an amorphous overlayer containing 
CoOx(OH)y active sites.43 – 46  For the case of mixed-metal oxygen 



 

 

evolving catalysts (MM´-OECs, e.g., M = Co or Ni, M´ = Ln3+), it is 
crucial to understand the nature of M´ incorporation because a 
“more active” catalyst may not be due to enhanced catalytic activity 
(kOER

0) but simply a result of more active sites (Cas*) arising from 
amorphization of the catalyst. We now show this to be the case for 
La3+ modified Co3O4. Ex situ and operando spectroscopies, and 
high-resolution imaging, reveal that La3+ deconstructs the Co3O4 
crystalline surface to produce an amorphous overlayer with an 
increased concentration of CoOx(OH)y active sites. Although 
optimized La3+ doping levels can stabilize the amorphous overlayer 
over short time periods (80–90 h), the overlayer ultimately 
dissolves. These results highlight the importance of understanding 
the nature of the active site in OER catalysts and, accordingly, the 
need to distinguish between intrinsic catalytic OER activity (kOER

0 in 
eq (1)) as opposed to lattice deconstruction to furnish a greater 
active site concentration (Cas* in eq (1)) when reporting current 
density versus overpotential as a performance metric. 

RESULTS 
Lanthanum–Cobalt Oxide Catalyst Preparation. Cobalt–oxide 

(Co3O4) (denoted 0% LaCo) and La-incorporated cobalt–oxide 
catalysts (denoted 5–30% LaCo) were fabricated using a modified 
Pechini sol–gel procedure 47 , 48  (Figure S1) using cobalt(II) and 
lanthanum(III) nitrate precursor salts. Pre-cleaned fluorine-doped 
tin oxide (FTO) substrates were dip-coated in the sol–gel precursor 
solutions and annealed at 600 °C in air to form the pure and mixed 
metal–oxide catalyst films. La compositions were determined from 

inductively-coupled plasma mass spectrometry (ICP–MS) of 
digested films (Figure S2). La incorporation monotonically 
increased with the concentration of La introduced into the sol–gel 
precursor solution.  

Structural Characterization of Prepared Films. Perturbation of 
the cobalt oxide lattice by La incorporation was examined with X-ray 
photoelectron spectroscopy (XPS). The Co 2p XPS spectra of LaCo 
films show two strong peaks with binding energies of 795 eV and 780 
eV, along with a weak peak at 790 eV (Figure S3A). These features 
correspond to Co 2p1/2 and 2p3/2 peaks, and its associated satellite 
peak, consistent with the Co 2p binding energies of Co3O4.49 The 
observation of two La 3d5/2 peaks in the XPS spectra of LaCo films 
establishes the oxidation state of La as trivalent (Figure S3B).50 The 
spacing between La 3d5/2 peaks is chemically diagnostic of La 
speciation; spacings of 3.9 eV, 3.5 eV, and 4.6 eV are characteristic 
of spacing of La(OH)3, La2(CO3)3, and La2O3, respectively.50,51 Our 
observation of an average spacing of 3.7 eV in La-modified samples 
(Figure 3SB) indicates that La3+, at the surface of the oxide and in 
the presence of air and water, can assume a hydroxide and/or 
carbonate coordination environment, as the solubility products of 
La(OH)3 and La2(CO3)3 are very favorable (Ksp(La(OH)3 = 2 ×    
10–19, Ksp(La2(CO3)3 = 4 × 10–34). 

The native Co3O4 (0% LaCo) and 5–17% LaCo samples 
prepared by the sol–gel method are polycrystalline. High-energy 
powder X-ray diffraction (PXRD) patterns were collected on 0–17% 
LaCo samples at the 17-BM beamline of the Advanced Photon 
Source at Argonne National Laboratory. Rietveld refinement of the 
PXRD pattern for as-prepared 0% LaCo precisely matches that of 
the Co3O4 spinel structure (Figure 1A) 52  with no evidence of 
CoO(OH) or Co(OH)2. Upon La incorporation, the PXRD peaks 
of the Co3O4 spinel structure broaden, indicating smaller particle 
sizes as La3+ infiltrates the Co3O4 lattice. Fits of 2D PXRD patterns 
with GSAS-2 53 by varying both domain size and isotropic micro-
strain yielded domain sizes of 67, 16, 11, and 8 nm for 0, 5, 9, and 
17% LaCo, respectively (Figure S4). The trend in domain size is 
consistent with HRTEM images of samples, which show decreased 
crystallite dimensions with increasing La incorporation (Figure 1B). 
This analysis is further supported by double layer capacitance 
(DLC) measurements utilized to determine the electrochemically 
active surface area (ESCA). By comparing the relative differences in 
capacitive current in a non-faradaic potential regime, we measure 
11.5(4.9) times higher ECSA for 17% LaCo as compared to 0% 
LaCo (Figure S5). This increase in ECSA agrees well with the 
geometric dimensions of the different average particle sizes of 67 nm 
for 0% LaCo and 8 nm for 17% LaCo. Assuming the packing of 
spherical particles within a 400 nm thick catalyst layer (as measured 
by a cross-sectional scanning electron microscopy (SEM) image, 
Figure S6), an expected surface area of 17% LaCo is calculated, 
which is 8.4 times that of 0% LaCo. This increase in surface area 
agrees well with the relative ECSA of 11.5× measured by DLC. 
Importantly, the ECSA measured by DLC is likely convoluted by 
several factors in dynamic metal-oxide systems including ion 
adsorption, intercalation, and conductivity decreases due to 
Co(OH)2 formation, all of which can contribute to assumed 
capacitive current resulting in error. 54  For these reasons, ECSA 
measured by DLC cannot accurately reveal active site density. 

 

Figure 1. (A) High energy PXRD patterns of 0-17% LaCo films. (B) 
TEM images of polycrystalline films of 0% LaCo (left) and 17% LaCo 
(right). 



 

 

Extended X-ray absorption fine structure (EXAFS) and X-ray 
pair distribution function (PDF) analyses of as-synthesized LaCo 
films reveal loss of structural order as a function of increasing La 
composition. The EXAFS spectra at the Co K-edge, shown in Figure 
2A, display radial distances in Co3O4 that do not significantly shift 
with %La incorporation, but peak intensity decreases are evident at 
all radial distances. Figure S7 lists the Co–O bond lengths and 
various Co…Co distances determined from the EXAFS spectra as 
compared to those of Co3O4. La incorporation disproportionately 
affects Td Co sites, with larger decreases in intensity occurring at 

3.35 Å (Oh…Td distance) as compared to 2.87 Å (Oh…Oh 
distance). Decreases in peak intensities are also evident at all larger 
radial distances, most notably those corresponding to Co3+(Oh) in 
cubane–cubane subunits at 5.06 Å and at all Co(Oh) cubane–
Co(Td) distances. Similar to the EXAFS spectrum, the Co–O 
distance (1.89 Å) calculated by PDF analysis of total X-ray scattering 
data is not affected with La3+ concentration, however, as observed in 
EXAFS, there is a loss of both general and site-specific structural 
coherence for all peaks between 2.0 and 8.0 Å (Figure 2B), with the 
largest intensity decreases observed for radial distances 
corresponding to all Co(Oh) cubane–Co(Td) sites (5.25 Å and 7.76 
Å). Whereas these structural metrics correspond to Co3O4 
signatures (Figure S7), PDF analysis (Figure S8) clearly shows a 
distinct residual scattering signal at 3.3 Å that is unaccounted for by 
a Co3O4 spinel model. This La3+-dependent signal is consistent with 
nearest neighbor La…Co distances that are observed in layered La 
cobaltates (3.235 Å, Figure S7).55,56 

The Raman spectra shown in Figure 2C are consistent with X-
ray and EXAFS structural studies. All Raman-active Co3O4 spinel 
modes can be resolved for 0% LaCo (A1g: 689.4 cm−1; F2g: 616.9 
cm−1, 520.8 cm−1, 194.1 cm−1; Eg: 480.6 cm−1).57–59 The asymmetric 
peak broadening and shift to lower energy of the singly degenerate 
A1g Raman mode is consistent with the phonon confinement model 
that becomes more prevalent as the crystallite size decreases. 60–62 
For all Raman-active modes, increased peak broadening, shifting of 
peaks to lower energies, and decreases in signal intensity 
accompanies increased La incorporation, consistent with the loss of 
crystallinity and long-range order.  

OER Activity of 0–17% LaCo Films. The cyclic voltammograms 
(Figure 3A) of 0–17% LaCo films in acidic solution (pH 2) are 
dominated by the Co3+/2+ redox feature. 63  Gas chromatography 
verified that OER proceeded with 100% faradaic efficiency. 
Increased activity is reflected in the decreasing OER overpotential 
with increasing %La, with the lowest overpotential (Figure 3B) and 
exchange current density (Figure 3C) observed for the 17% LaCo 
catalyst. The OER mechanism does not appear to be affected by La3+ 
incorporation, as the Tafel slopes of all catalyst compositions are 
invariant (76–88 mV dec–1). We note that for film compositions 
greater than 17% LaCo, the overpotential increases, indicative of a 
loss of catalytic activity (purple trace, Figure 3B). This instability 
may be observed directly with constant current experiments. 
Whereas a 0% LaCo film maintains its overpotential when operated 
at 1 mA cm–2 in an acidic environment (pH 2) for 45 h and a 17% 
LaCo film for nearly 80 h, a 30% film is stable for only 3 h with 
complete dissolution over the proceeding 3 h (Figure S9). Due to 
the solubility of Co2+ and La3+ in acid, Co and La leaching from the 
amorphous overlayer occurs over time at pH 2, as clearly detected 
by ICP–MS analysis (Table S1). ICP-MS reveals the highest 
leaching to occur during initial OER operation at 1 mA cm–2 for 17% 
LaCo (1.1 nM/min Co and 1.3 nM/min La) as the Co3O4 lattice is 
deconstructed to the amorphous overlayer.  

Operando and Post-Catalysis Characterization. To better 
understand the effect of La3+ incorporation, operando Raman 
spectroscopy was performed in acidic solutions (pH 2) in a 3-
electrode cell with a thin layer of electrolyte solution covering the 
electrode surface.64 The anodic current was increased from 0.1–20 
mA and then decreased over the same range in a stepwise manner. 

 
Figure 2. Structural characterization of as synthesized 0–17% LaCo 
films. (A) Co K-edge EXAFS spectra and (B) PDF analysis of total X-
ray scattering data. Selected interatomic distances are labelled, see 
Figure S7 for assignment of other distances in EXAFS and PDF spectra. 
(C) Raman spectra of %LaCo films referenced to that of Co3O4. 



 

 

The Raman spectra shown in Figure 4A were recorded while 
maintaining the current at each step for 120 s. While the Raman 
spectrum in the spectral window of the A1g peak (at ~693 cm–1 in 
Figure 4A, red bar highlight) for 0% LaCo remains unchanged 
during OER, a new feature (at ~684 cm–1 in Figure 4A, blue-gray bar  
highlight) emerges for the LaCo samples during OER operation. 

The appearance of this new feature is dependent on the applied 
current density and appears at lower current densities for catalysts 
with higher concentrations of La3+. Upon returning to open circuit 
potential, this peak disappears, indicating that it is associated with 
the OER. The in-situ Raman peak can be reproduced in ex-situ 

 
Figure 3. Electrochemical activity of 0–17% LaCo films. All 
measurements were carried out at pH 2 using 10 mM H2SO4 solutions 
containing 200 mM K2SO4 as supporting electrolyte. (A) Cyclic 
voltammogram collected at 100 mV s−1: inset shows increasing cathodic 
current associated with the Co3+/2+ redox feature with increasing La 
concentration. (B) Overpotential for OER at an anodic current density 
of 1 mA cm–2. (C) OER Tafel slopes for 0–17% LaCo films. Errors in 
overpotential and Tafel slope were determined from measurements of 
three independent films 

 
Figure 4. (A) Operando Raman spectra of 0 (top), 9 (middle), and 17% 
(bottom) LaCo films before applying a current (0 mA, black line) and 
in situ spectra recorded during the application of 0.1, 1, 5, 10 and 20 mA 
(gray traces, bottom to top) during OER. The current density was 
maintained at each step for 120 s. All spectra were taken of films 
operated in 10 mM H2SO4 containing 200 mM K2SO4 (pH 2). The pink 
bar highlights the A1g Raman peak of Co3O4 and the blue bar 
highlights a unique feature that grows in with increased current. The 
red trace is the Raman spectrum of CoPi annealed at 600 °C. (B) 
The Co 2p3/2 and Co 2p1/2 peaks in the XPS spectra of 
electrodeposited CoPi, CoPi annealed at 600 °C and reference Co 
oxide XPS spectra taken from ref 49. The grey line highlights the Co 
2p3/2 satellite peak.  



 

 

spectra of annealed samples of CoPi (Figure 4A, red trace), 
indicating that the structural phase evolving in-situ for 17% LaCo is 
also present in annealed CoPi.65 The origin of the species responsible 
for the operando feature is revealed by Co 2p XPS spectra. Figure 4B 
shows the Co 2p3/2 absorption and its satellite deconvolved into five 
peaks, as previously described.49 Whereas electrodeposited CoPi 
possesses a Co 2p XPS spectrum similar to Co3O4, upon heating, the 
XPS spectrum of CoPi transforms to a spectrum that clearly matches 
CoO/Co(OH)2. The annealed CoPi shows the appearance of a 
Raman peak at a vibrational frequency of 684 cm–1 (Figure 4A, red 
trace). This peak has been assigned to the A1g mode of Co2+ residing 
in a Oh oxide environment.66–68 Thus, the origin of the new Raman 
peak that appears in the operando spectra of LaCo samples is a result 
of the in-situ formation of Co2+ in octahedral sites during OER. 

Operando EXAFS is consonant with the presence of increased 
catalyst disorder with La incorporation and provides additional 
insights regarding the evolution of the catalytically active phase. 
Operando EXAFS measurements were carried out in a 3-electrode 
electrochemical cell where the working electrodes were a 0–17% 
LaCo film dip-coated on X-ray transparent graphene substrates. The 
applied potential on the working electrode was varied in a stepwise 
manner, with EXAFS spectra collected at open circuit potential 
before OER catalysis, and at 2.08 V vs NHE during OER catalysis. 
Comparison of the EXAFS spectra collected during OER (Figure 5) 
reveals structural disorder that is more pronounced with increasing 
%La (Figure 5). The observed changes in the operando spectra are 
similar to those observed with increased %La prior to OER (Figure 
2A) but more pronounced under an applied OER potential. Loss of 
long-range coordination and increased structural disorder is 
reflected by a decrease in peak intensity at 3.35 Å, indicating loss of 
Td Co sites during OER. Additionally, a shoulder appears at 4.8 Å in 
the spectrum of the 17% LaCo catalyst and the peak at 5.6 Å 
increases in intensity, which coincides with the interlayer Co 
distances in the EXAFS spectrum of layered LiCoO2

69  and the 
crystal structure of La0.3CoO2 (Table S6).56 Thus, the changes in the 
Co EXAFS spectra of 17%LaCo suggest that the Co3O4 lattice is 
deconstructed by La3+ termination to form amorphous layered 

CoOx(OH)y with La3+ residing at particle interfaces.  
The O 1s XPS spectra shown in Figure 6 provide further 

evidence for irreversible changes dependent on catalyst 
composition. The O 1s XPS spectra of LaCo films includes peak 
contributions from oxygen atoms in the environments of: the cobalt-
oxide lattice (Oa, Co–O, 530.0 eV), hydroxylated or defect-rich 
mixed-metal regions (Ob, 530.3 eV), C–O groups arising from 
adventitious surface carbon species (Oc, 531.5 eV) , and C=O (e.g., 
carbonate) surface species (Od, 532.5 eV), all of which may be 
assessed by peak area fitting of the XPS spectra.49, 70  Before OER 
operation, the lattice cobalt–oxygen contribution (Oa) remains 
relatively constant, though slight broadening with increasing La 
concentration (FWHM 0.9 to 1.2 eV) indicates more lattice 
bonding variation. Prior to OER, La3+ promotes the formation of 
metal carbonate surface species as evidenced by the increased Od 1s 
peak area. Subsequent to OER (pH 2, 1 mA cm–2 for 30 min), the Ob 
peak area increases significantly and monotonically with increasing 
%La with a concomitant decrease in Oa. This trend is consistent with 
amorphization of the Co3O4 lattice during OER. 

Consistent with operando spectra, HRTEM images of a 17% 
LaCo taken before and after OER catalysis visually show the 

 
Figure 5. Operando Co K-edge EXAFS spectra of 0% LaCo and 17% 
LaCo films collected after 30 min of OER at 2.08 V vs NHE, at an anodic 
current density of 1 mA cm–2 in 10 mM H2SO4 containing 200 mM 
K2SO4 (pH 2).  

 
Figure 6. Deconvolved O 1s XPS spectra of 0–17% LaCo films before 
and after OER for 1 h at anodic current density of 1 mA cm–2 in 10 mM 
H2SO4 containing 200 mM K2SO4 (pH 2): Oa (gray, Co–O lattice), Ob 
(red, defect/hydroxylated O), Oc (orange, C–O), and Od (green, 
C=O).  



 

 

irreversible deconstruction of the Co3O4 lattice. The selected area 
electron diffraction (SAED) patterns of 0% and 17% LaCo films 
clearly show the polycrystalline nature of the films before OER; this 
polycrystallinity significantly degrades after OER with the 17% 
LaCo film exhibiting almost a complete loss of a crystalline 
diffraction pattern (Figure S10). As shown in HRTEM images of 
Figure 7, the image of the 17% LaCo catalyst, which exhibits the 
highest OER activity (Figure 3), clearly shows the emergence of an 
amorphous overlayer, highlighted by the dashed line of the HRTEM 
image in Figure 7B. HRTEM images of 30% LaCo (Figure S10) 
reveal a well-defined amorphous overlayer that is present even 
before catalysis. This layer promptly dissolves under the conditions 
of OER (Figure S9).  

DISCUSSION 
Crystalline cobalt oxides under OER conditions have been 

observed to undergo in-situ deconstruction to catalytically active 
CoOx(OH)y (i.e., CoO(OH) and Co(OH)2) sites comprising an 
amorphous overlayer. 70–78 In the presence of specific anions such as 
phosphate or borate, the dimensional reduction of the crystalline 
cobalt or nickel oxides can be so extensive as to produce cobaltate 
and nickellate clusters of molecular dimensions. 79 – 82  Previous 
studies of OER at CoOx(OH)y sites support the mechanisms 
outlined in Figure 8A. A Co2+

2 edge site is oxidized to a Co3+Co4+ pre-
catalysis. Localized at the edges, the Co4+ center may be considered 
to have significant Co3+-oxyl radical character. 83 , 84  This radical 
character is a direct consequence of the electronic considerations 
embodied by the “oxo wall”, which prevents multiple metal-oxo 
bond formation owing to filled dπ(dxz,dyz) orbitals. 85  X-ray 
absorption spectroscopy (XAS),72,79, 86 , 87  electron paramagnetic 
resonance spectroscopy,63, 88  and transient absorption 
spectroscopy73 confirm that the pre-catalyst resides in a formal Co4+ 
redox level, though in macroscopic samples, the relative amounts of 
Co4+ to Co3+ is difficult to spectroscopically detect89  because the 

concentration of the pre-catalyst is small relative to the total 
concentration of Co3+ together with the contribution of the Co3+-
oxyl resonance structure to the pre-catalytic resting state (Figure 
8B); suffice is to say that the pre-equilibrium resting state is one 
redox level above Co3+-oxo. Electrokinetics studies establish that a 
Co4+

2 (↔ (Co3+-oxyl)2) catalytic active site is generated from a 1e–

/1H+ PCET pre-equilibrium. 90  The rate-determining step is 
proposed to occur via a peroxide intermediate, which may form by 
direct coupling of oxyls, 91 – 94  attack by an oxyl on solution 
hydroxide,91, 95 – 97  or on a bridging (hydr)oxide (Figure 8B). 98 – 102 
Upon O2 formation, the active edge sites return to an octahedrally 
coordinated Co2+

2 formal redox level. The benefit of a dimensional 
reduction of a Co3O4 lattice is that it generates CoOx(OH)y active 
edge sites from which OER catalysis may proceed. Unlike in 
crystalline Co3O4 where the oxygen atoms are kinetically inert owing 
to their coordination to multiple cobalt centers, at a CoOx(OH)y 
edge, oxygen is singly bonded to cobalt and thus is more kinetically 
labile to activation.  

Due to the steric incompatibility of La3+ with the crystalline 
Co3O4 lattice, La3+ introduction accelerates the dimensional 
reduction of Co3O4 to an amorphous overlayer with an increased 
concentration of CoOx(OH)y edge sites. The PXRD data shown in 
Figure 1 establishes a crystalline Co3O4 phase that becomes more 
amorphous with increasing %La. The loss of crystallinity is 
exacerbated by OER catalysis; HRTEM images of LaCo catalyst 
films (Figure 7) clearly show the formation of an amorphous 
overlayer with La3+ incorporation under OER conditions. At dopant 
levels in excess of 17%, the amorphous overlayer is present even 
prior to OER operation (Figure S10). The formation of the 
amorphous overlayer is accompanied by greater OER activity with 
the maximal activity observed for 17% LaCo (Figure 3). ICP–MS 
analyses of all film compositions for which the data were collected in 
Figure 3 reveals that the overall Co concentration is similar across 
the LaCo series; only the extent of amorphization varies with %La 
incorporation. These results are consistent with La3+ promoting 
Co3O4 deconstruction and the formation of CoOx(OH)y active sites 
in an amorphous overlayer that coats crystalline Co3O4, which serves 
to transport hole equivalents to the active catalytic sites residing in 
the amorphous overlayer. 

All spectral data indicate that the large La3+ ion is not 
substituting for Co sites within the Co3O4 lattice. EXAFS spectra 
reveal that the Co…Co and Co–O distances of LaCo films match 
those in Co3O4 (Figure 2A and Figure S7) indicating that La3+ does 
not replace cobalt ions within the lattice and consequently modify 
cobalt’s oxidation state or electronic environment. Rather, PDF 
analysis of scattering data shows an unaccounted signal at a radial 
distance of 3.2–3.5 Å that is distinct from those observed in Co3O4, 
as indicated by the residual signal after fitting to a spinel model 
(Figures S8B and S8C). This distance is consistent with the La…Co 
distance in La0.3CoO2 (d(La…Co) = 3.235 Å) where the La3+ ion 
resides between CoO2 layers.56 The high positive charge of La3+ 
between the dimensionally reduced Co(O)x(OH)y particles, on the 
order of ~10–70 nm as assessed from DLC and HRTEM imaging, 
leads to increased stability of the amorphous overlayer. Whereas 0% 
LaCo operated in acid at pH = 2 is stable for 45 h, 17% LaCo is stable 
for 80–90 h, after which the catalyst dissolves as indicated by an 
abrupt increase in overpotential. A similar increase in overpotential 

 
Figure 7. HRTEM images and selected area diffraction patterns of (A) 
0% LaCo and (B)17% LaCo films after 10 h of OER operation at an 
anodic current density of 1 mA cm–2 in 10 mM H2SO4 solution 
containing 200 mM K2SO4. Overlayer on 17% LaCo is outlined by white 
dashed line. 



 

 

is observed after 90 h when similar La3+-cobalt oxide materials are 
incorporated in PEM electrolyzers (Figure S23 in ref 31). Thus, in 
the absence of self-healing strategies to stabilize CoOx(OH)y active 
sites, 103–107 the amorphous overlayer ultimately dissolves.  

At odds with the predictions of DFT calculations, 30,31 we do not 
believe that La3+ residing at the surface of deconstructed layered 
cobalt oxide significantly affects the electronic stricture of the cobalt 
oxide or gives rise to a unique La…Co active site. Rather, the 
presence of La3+ may have a more straightforward role of acting as a 
Lewis acid resulting in the increase in hydroxylated surface species 
(Figure 8). In support of this contention, O 1s XPS spectra of LaCo 
samples show an increase in the concentration of hydroxylated 
species when compared to the O 1s XPS spectra of the Co3O4 spinel 
lattice (Figure 6). The increase in hydroxylated species precedes the 
rate-determining step of O–O bond formation in the mechanism 
displayed in Figure 8. Upon the elimination of O2, the system returns 
to the Co2+ redox level. This conversion is captured by operando 
Raman spectra (Figure 4). The A1g mode of Co2+ residing in an Oh 
oxide environment at ~684 cm–1 appears during OER operation and 
subsequently disappears upon the cessation of the OER. Although 
enhanced spectroscopic signatures of Co2+ in in situ and ex situ 
spectra has led to the assumption of Co2+ playing a mechanistic role 
in OER,31 , 108  we believe that its appearance is simply due to an 
increase in the average concentration of Co2+ as a result of its 
production upon O2 elimination. 

CONCLUSION 
Introduction of auxiliary metal ions into first-row metal oxides, 

particularly those of Co and Ni, can result in significant 
enhancements of OER activity. Such enhanced OER activity is 
typically attributed to intrinsic catalytic activity (kOER

0 in eq (1)), 
leading to the conclusion of superior catalyst design. Indeed, the 
increased OER performance of first-row metal oxides upon the 

introduction of lanthanide ions is often ascribed to the introduction 
of strain into the oxide lattice, or unique electronic properties of 
Ln…M active sites, though it is known that compositional LnMO3 
perovskites undergo decomposition during OER.109–117 As we show 
here for La3+, the auxiliary metal promotes the deconstruction of the 
oxide lattice to hydrous metal oxide particles (M(O)x(OH)y) with 
dimensions of nm to as small as metalate clusters. Such lattice 
deconstruction results in an increased concentration of active sites 
(Cas* in eq (1)), which results in a higher current density at a given 
overpotential. A signature of this lattice deconstruction is the 
formation of an amorphous overlayer on the metal oxide. Thus, 
claims of superior OER catalyst design and claims of the ability to 
benchmark catalysts118 must be tempered without knowledge of the 
nature of the active site and the concentration of these active sites 
within the overlayer of the crystalline oxide. In this regard, the 
challenge confronting the rationale design of intrinsically better 
OER catalysts is the development of new methods to quantify the 
nature and concentration of active sites.119  While methods such as 
underpotential deposition may be used for legacy electrocatalysts 
such as Pt,120 it is much more difficult to quantitate the nature and 
concentration of in situ metal oxide electrocatalysts. Such studies are 
imperative for guiding the design of truly unique OER catalysts as 
opposed to enhanced OER performance arising from an increased 
concentration of active sites.  
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