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Comment on “In-situ synthesis of Co3O4 nanocrystal clusters on graphene as 
high-performance oxygen reduction reaction electrocatalysts” by Juanjuan Yin 
et al

ARTICLE HISTORY Received 21 Jan 2022 Accepted 24 Nov 2022   

In their recently published article in this journal, Yin 
et al. [1] describe a promising nanomaterial based on 
cobalt oxide clusters supported on reduced graphene 
oxide (rGO), to be used as a catalyst in electrocatalytic 
oxygen reduction reaction (ORR). The in situ synthe-
sised nanometre-sized particles are claimed to have 
Co3O4 composition with spinel crystallographic struc-
ture, exposing (111) crystal planes. The authors 
demonstrate that this catalytic material exhibits 
enhanced ORR activity as compared to commercial 
Pt/C catalysts and attribute it to a synergistic coopera-
tion between the oxide and the support. Although 
both the topic and the approach, aiming at the repla-
cement of noble metals in electrocatalysis, are timely 
and interesting, proposed interpretations of the 
experimental data and the related discussion are not 
adequately handled and contain a lot of serious errors.

In the following, we will mainly focus on the che-
mical analysis aspect of the above material. Electronic 
structure and chemical state of the near-surface region 
of the featured Co3O4 electrocatalyst was investigated 
by X-ray photoelectron spectroscopy (XPS). Several 
conclusions are made based on the XPS analysis; how-
ever, a series of misinterpretations renders them inva-
lid or unsubstantiated.

Although no type of X-ray source (and thus the 
photon primary energy) has been specified in the 
Experimental section, it can be distinguished from 
the overall character of the wide survey spectrum in 
Fig. 6a (mainly from the positions of Auger transi-
tions), concluding that Al Kα was used in the 
measurements.

The two main features of the Co 2p region referred 
to as ‘asymmetric characteristic peaks’ are, indeed, 
components of the 2p level doublet due to spin-orbit 
splitting. As such, a mutual intensity ratio of all 
coupled components should follow the amount of 
degeneracy for each respective electronic sublevel. 
A theoretical value of 2 for a p-level can slightly vary 
in practice, but in the presented spectral decomposi-
tion, it is around 5 and 1.5 (roughly estimated from 
Fig. 6d in Yin et al. [1] since the actual numbers are 
not provided in the paper) for lower and higher EB 
component, respectively.

Each of the two branches of the doublet has been 
fitted into two contributions. No assignment of these 
individual contributions is given by authors except for 
the peak at 780.5 eV which is claimed to be composed 
of ‘at least two possible distributions, namely cobalt 
oxide and cobalt carbide’. It is further added that, 
based on the XRD and TEM results, this particular 
peak is likely associated with the latter, i.e. presence of 
Co–C bond.

In contrary to the above deductions, the peaks fitted 
at 779.1 and 780.5 eV represent two oxidation states of 
cobalt, namely Co3+ and Co2+, exactly as one would 
expect for a Co3O4 spinel material [2–4]. Strictly 
speaking, the Co2+-related spectral contribution 
should comprise two components at ~780.5 and 
782.5 eV due to multiplet splitting caused by coupling 
of the final states with unpaired 3d electrons [3,5]. 
Alternatively, it can be fitted with a single feature, 
but provided it has a proper asymmetry to account 
for the final state multiplicity. Each oxidation state is 
naturally accompanied by a relatively wide shake-up 
satellite at ~785–786 and 789–790 eV for Co2+ and 
Co3+, respectively [2–5], but in the spectral decompo-
sition presented in the discussed paper, they have been 
completely omitted. In fact, a correct treatment of the 
satellite structure can substantially aid in the evalua-
tion of the 0, 2+, and 3+ oxidation states of cobalt, 
owing to the larger separation and different relative 
magnitudes of the satellites with respect to their parent 
2p photoelectron levels. Unfortunately, in the pre-
sented photoelectron spectra, the missing experimen-
tal points above 800 eV, where Co 2p1/2-related 
satellites are located, contribute to the overall inaccu-
racy of data elaboration.

Regarding the speculated cobalt carbide, it has been 
reported by other authors to exhibit the main 2p3/2 

peak at 780.2 eV for Co2C, accompanied by a strong 
Co2+ satellite around 786 eV [6], or at binding energies 
(BEs) even lower than for metallic Co0 in the case of 
non-stoichiometric CoCx phases [7]. This is in a sharp 
contrast to the character of the Co 2p spectra provided 
by Juanjuan Yin et al. Another counterevidence is the 
absence of a corresponding carbidic peak in C 1s spec-
trum, expected at 282.8–283.3 eV [6,7].
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What has also been completely neglected is the 
absence of L3M4,5M4,5 Auger line of cobalt, which 
partially overlaps with the Co 2p photoelectrons in 
~765–783 eV range when probed by Al Kα X-ray 
source [2–4]. In the presented truncated data, shown 
only for EB>774 eV, at least a single wide component 
between ~775 and 780 eV should have been allowed to 
be fitted as an Auger LMM representation.

Despite the above negligence, the composite fitted 
curve seems to follow the experimental points rela-
tively well. This is, however, a misleading impression. 
The mathematically satisfactory fit is in part due to the 
excessive data truncation, in part because the back-
ground subtraction (not specified by authors, presum-
ably Shirley-type) was not done correctly. Exaggerated 
background intensity leads to virtual elimination of 
both Auger peaks and all satellite contributions.

In the discussion of the XP spectra, a few papers are 
cited (refs. 60–64 in Yin etal. [1]), of which three are 
totally irrelevant, i.e. not featuring XPS measurements 
or dealing with different materials than those related 
to Co. Ironically, the only relevant reference (ref. 64), 
although not flawless, is merely mentioned but not 
used as a guide; in fact, the fitting recipe applied in 
Yin et al. [1] is severely contradicting it. Wang et al. 
[8]., which is also not followed by Juanjuan Yin et al. 
in his analysis, albeit cited therein as ref. 63, attempts 
to decompose spectra of cobalt oxides. However, this 
is yet another bad example of XPS data treatment; the 
authors of this study refer to another problematic 
fitting routine suggested in Li et al. [9], although they 
used a different X-ray excitation source (Mg Kα in Li 
et al. [9]). It is somewhat incomprehensible why such 
literature sources are followed, since there are numer-
ous published works available, dealing with this parti-
cular topic much more correctly, elaborately, and on 
more fundamental level (e.g [2–4]).

Indeed, researchers frequently prefer to employ 
simplified fitting procedures, sometimes even invol-
ving only the Co 2p3/2 branch of the photoemission 
line, with a background often cut into the Auger LMM 
section (in the case of the Al Kα primary source), 
virtually eliminating it. This may be a justifiable 
approach in many cases, for instance in identifying 
qualitative trends in Co oxidation state variation, as 
long as the fitting is performed consistently within the 
whole experimental series. However, one has to be 
aware of the fact that such simplification can also 
contribute to systematic quantitative errors up to 
a few tens of per cent [2] and may cause difficulties 
when compared to other literature data, theoretical 
calculations, or photoelectron spectra acquired with 
different excitation sources. Hence, such facilitative 
approaches, commonly seen in literature (not only 
for cobalt, but also for some other transition metal 
elements, especially those of the first row, namely Fe, 
Ni, Cu, etc.), ought to be used with extra vigilance and 

should not go beyond a certain point of simplification 
of physical reality.

If we now take a broader perspective, the spectral 
interpretation of photoelectron lines of mutually bind-
ing or interacting elements should provide 
a consistent picture. Specifically in this case, if C– 
O is claimed to be seen in O 1s, why does not it have 
its counterpart in C 1s? In fact, the peak at 287.6 eV 
interpreted by authors as C=O is more likely (or 
mainly) C–O within C–O–C of rGO [10,11], especially 
since the fitted contribution at 286.1 eV has been 
attributed to C–OH (although the plot legend in 
Fig. 6b does not match the designations used in the 
text, so it is not exactly clear what authors meant here). 
Accordingly, what is considered in Yin et al. [1] to be 
C=O at 529.5 eV in the O 1s spectra actually originates 
from the lattice oxygen of Co3O4 particles, whereas C– 
O probably forms the main contribution at 530.8 eV, 
replacing the original assignment to hydroxyls, which 
can be found near 532.9 eV.

In general, what one would find particularly aston-
ishing is to have the lattice oxygen excluded from an 
interpretation of an oxide material, as well as to dis-
regard different oxidation states of cobalt (Co2+, Co3+) 
while presenting the investigated compound as being 
Co3O4 spinel.

Last but not least, the omitted peak near 400 eV, 
clearly visible in the wide spectrum (Fig. 6a), most 
likely belongs to N 1s. The origin and potential influ-
ence of this element in the samples is, however, left 
without any discussion.

Juanjuan Yin et al. also attempted to comple-
ment and support the physico-chemical character-
isation of their samples by elemental analyses 
provided by energy-dispersive X-ray spectroscopy 
mapping in scanning electron microscope and 
high-angle annular dark field–scanning transmis-
sion electron microscopy instruments, respectively. 
They declare: ‘ . . . the mapping image of Co3O4 

/rGO shows the presence of Co, C, and O, which 
further proves that Co3O4 nanocrystals are gener-
ated’. Although potentially useful for many systems, 
one has to realise, that these methods are barely 
indicative in the presented case and do not allow to 
determine reliably the actual stoichiometry. Hence, 
no valuable conclusions can be drawn in order to 
support the proclaimed Co3O4 crystalline structure 
of the rGO-supported nanoparticles. Nor any spa-
tially related considerations can be done for 
average 5-nm particles, with regards to the EDS 
image pixel size of ~300 nm and the high level of 
noise as in Fig. 2d–f.

Due to the above mentioned numerous discrepan-
cies and negligences, no reasonable and valid conclu-
sions can be reached such as ‘rGO provides electron 
transfer channel for the catalytic reaction’, or ‘ . . . 
synergistic coupling between Co3O4 particles and 
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rGO sheets’. This is because both electronic structure 
of the material and the microscopic nature of the 
interactions between rGO substrate and the supported 
cobalt oxide are not adequately addressed in the pre-
sented study. If done properly, some relationships 
could be rendered between the chemical state of 
cobalt, oxide morphology and its electrocatalytic per-
formance, to shed some light on the origin of the 
otherwise promising electrochemical properties of the 
Co3O4/rGO system. At more general level, the pre-
sented analysis by Yin et al. can mislead or confuse 
other researchers in their own processing and inter-
pretation of experimental data.
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