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A B S T R A C T   

Free-standing graphene membranes are a promising candidate for use as in-situ environmental 
windows in X-ray (electron) microscopy. In this study, graphene membranes were used as the 
working electrode, and cobalt nanoparticles (Co-NPs) were grown directly on top of the graphene 
through electrochemical deposition for interfacial variation. The electronic structure and the 
chemical bonding states of the Co-NPs and the graphene materials were examined by using the 
high spatial resolution and element-specific properties of scanning transmission X-ray micro-
scopy. X-ray absorption spectra of C, O, and Co revealed that the Co-NP size increased in 
accordance with the oxidation state (Co0/2+/3+), depending on the configuration of carbon 
bonding (C–C/C–OH/HO–C=O/O–C(O)–O/C=O–like state). We conducted a spectral comparison 
of the dipped graphene and the electrodeposited Co–graphene sample, which revealed an increase 
in C–OH formation before Co-NPs growth. In addition to electron transfer and electrochemical 
reduction, the oxidation evolution from C–OH to HO–C=O (or a defect) and the O–C(O)–O (or 
C=O) state paralleled the increase in Co-NPs size. We curve-fitted the results to demonstrate the 
reduction in chemical structure from mixing Co2+/3+ to Co3+/2+/0, and to explain the interfacial 
modulation and the unique metal Co0 layer on the surface of the Co-NPs. Our results provide 
information for the design of a reliable graphene window and offer an example for the inter-
pretation of experimental X-ray (electron) microscopy.   

1. Introduction 

Two-dimensional materials such as graphene have received increasing attention because of their near-ballistic and massless 
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transport around the Fermi level.[1] These remarkable properties are enabled by a singular sp2 carbon orbital hybridization of the 
hexagonal cage, in which π-bonds are oriented outside the plane. Its single-layer, mechanically strong structure makes graphene an 
exceptional candidate for an ultrathin and ultralight membrane, because the critical component of a membrane window is the ability 
to separate the gas and liquid from a vacuum containing the X-ray radiation (or electron beams) and detectors. The X-ray-in (elec-
tron-in) and electron-out techniques[2,3] use measures of surface-sensitive behavior, such as the short inelastic mean free path (IMFP), 
to conduct photoelectron spectroscopy. Investigating a material during liquid or gas reactions involves a balance between the 
incoming photons, the electron attenuation depth, and the IMFP. Graphene is used as a membrane window because of its high electron 
transparency and its single-atom thickness (approximately 0.34 nm). For example, wet environmental transmission electron micro-
scopy (TEM) measurements achieve higher contrast and resolution with graphene membranes than with silicon nitride windows.[4,5] 
In addition to being an exceptional electrical and thermal conductor, graphene has remarkable anticorrosion properties in harsh 
environments.[6] Studies have investigated in-situ chemical reactions such as photocatalytic, electrocatalytic, and battery-related 
applications by using electron and X-ray sources.[7,8] Despite the essential role of graphene membranes, the electron transfer be-
tween the carbon support and metal catalysts remains unclear. Although chemical structure modulation allows catalytic performance 
to be tuned,[8,9] its role has not been considered in studies of the relationship between the nanoparticle (NP) size and chemical state. 
In addition, because of defects in the lattice structure (e.g. dislocations, vacancies, and boundaries), the properties of the graphene 
layer are modulated by the formation of additional electrons or holes in the hexagonal benzene structure. Functionalizing the surface 
of graphene is a potential method for tuning its chemical and physical properties for applications as an energy material. The role of 
underlying graphene membranes in catalytic synergy has not yet been discussed because of the nanoscale geometry and the hetero-
geneity of the system. 

This study describes the synergistic effects of the Co–graphene hybrid, which exhibits a larger number of oxygen evolution re-
actions than does pure Co. Although our previous X-ray spectroscopy experiments[8] suggested the existence of several oxidation 
states for Co in the vicinity of graphene, the electronic structures and bonding configuration formed by the underlying graphene 
membranes have not yet been studied. This research gap prompted an investigation of the critical role of graphene in electrodeposited 
Co synthesis and the method for binding Co ions by using a graphene interface. In this study, Co-NPs with a diameter of 5–250 nm were 
grown on a graphene electrode through electrochemical reduction. Scanning transmission X-ray microscopy (STXM) revealed that Co 
binds to graphene membranes through electron-sharing oxidation states, leading to various Co(CO)x states and the anchoring point to 
graphene. Our curve-fitting result showed that the chemical state of the nanocrystal was initially octahedral (Oct) Co2+ and Co3+ but 
was later reduced to a metal Co0 state accompanied with new bonding graphene states. This study provided a thorough explanation by 
incorporating C, O, Co signals into nanoscale mapping images and spectroscopic analysis. The reduction in charge transfer from 
graphene to Co prompted the formation of Co2+/3+ states at areas with high densities of Co-NPs, which subsequently enhanced the 
electrocatalytic phenomena because of the interfacial Co0/2+/3+ state. We investigated complex Co–graphene materials at the nano-
scale by testing multiple interfacial electronic structures and binding species. 

2. Materials and Methods 

2.1. Graphene membranes 

Graphene was grown through chemical vapor deposition with a 20-µm-thick Cu foil (Alfa Aesar, 99.8%) as the catalyst and with 
exposure to CH4 (diluted in Ar and H2) at 1000◦C in an AIXTRON BM Pro (4-inch) reactor, yielding a continuous polycrystalline 
graphene film with a grain size of approximately 20 µm, which was confirmed through scanning electron microscopy (SEM).[10] The 
graphene layer was fixed to a 500-nm-thick layer of Polymethyl methacrylate (PMMA; 4 wt.% in anisole, 950-K molecular weight) 
deposited through spin coating. Then, the Cu support was eliminated by floating on a 50-mM aqueous solution of (NH4)2S2O8. The 
graphene–PMMA layer was then floated on deionized (DI) water, transferred onto another graphene–Cu foil, and dried at 50◦C for 5 
minutes. The resulting sample was floated in the (NH4)2S2O8 solution to remove the Cu foil and rinsed in DI water. The PMMA–-
graphene film was transferred onto a Norcada Si3N4 TEM grid with 2-μm-diameter holes.[11,12] Finally, the PMMA was removed 
using acetone. The adherence between the graphene and the substrate caused by Van der Waals interactions ensured the stability of the 
electrodes. This process produces a continuous graphene film that can be used as an electrode in electrocatalytic applications involving 
aqueous environments.[6,13] 

2.2. Electrodeposition of Co on graphene membranes 

With the graphene membranes as the working electrode, Co was grown on the graphene through electrodeposition from an aqueous 
electrolyte containing 4 mM CoSO4 at − 0.67 V vs. Ag/AgCl for 5 minutes. The current and voltage of the cell were measured using a 
cyclic voltammogram (CV) of the redox waves. The scanning rate of the CV was 0.02 V/s, and the measurement was repeated for five 
cycles. After electrodeposition, the samples were washed with DI water to remove the remaining CoSO4 salt and air-dried before 
characterization. 

2.3. STXM measurement 

STXM measurements were performed in the undulator beamline BL4U at the UVSOR-III synchrotron facility in Okazaki, Japan; 
these measurements offered detailed mapping of the electronic structure of the target element with spatial resolution of up to 30 nm. 
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[14–16] A soft X-ray beam was focused with a Fresnel zone plate, and the first-order X-rays were isolated from the zeroth and high 
orders by using an order selecting aperture (OSA); the working distance between the sample and OSA depended on the photon energy 
(PE) and the optical device.[14,15] A chemical state analysis was performed by evaluating the X-ray absorption near edge structure 
(XANES) and the linearly polarized X-ray beam (usually horizontal polarization). The X-ray transmission images collected through the 
sample were defined as optical density (OD) images (i.e. absorbance images) based on the formula OD = − ln(I/I0), where I and I0 are 
the transmitted and incident intensities of the image on the sample (empty or reference area). The XANES signal was selected from the 
stack map of OD images over the scanning range of the PE. According to Beer’s law, the OD of absorbance is proportional to the 
concentration and the thickness of a pixel in an image.[17] The energy resolution (E/ΔE) of BL4U was 6000 for an exit slit size of 30 
μm. The image stack at the C K-edge, the O K-edge, and the Co L-edge was normalized by using an empty area of the sample plate. The 
STXM data were analyzed by using the free aXis2000 software.[18] 

2.4. SEM, Raman, and TEM measurements 

The electrolyte samples of graphene and electrodeposited Co–graphene dipped in CoSO4 were air-dried and transferred to the 
STXM chamber for characterization. After the STXM experiment, the electrodeposited Co–graphene and the graphene on the Si3N4 grid 
were characterized through field emission TEM (JEOL JEM-2100F) to reveal details such as nanoparticle and graphene morphology. 
The transmission electron microscope was fully equipped with an energy-dispersive X-ray (EDX) analyzer (Oxford X-Max silicon drift 
detector(SDD)), allowing the samples to be element mapped. A micro-Raman spectrometer (RAMaker ProTrusTech Co., Ltd.) with a 
laser excitation of 532 nm (maximum 300 mW) was used to characterize the graphene electrode and the Co–graphene complex. The 
Raman spectra were calibrated by using a standard Si wafer (520 ± 0.7 cm− 1) with a 1200 l/mm grating spectrometer (ANDOR 
SR303). The spectra were recorded with a large spot size of approximately 2 × 2 μm2 by using a 100 × objective lens. 

Fig. 1. (a) Scanning electron microscope images of graphene transferred onto a holey Si3N4 grid. The inset shows a magnified image of the free- 
standing graphene membranes on a single hole. (b) Raman spectrum and probing position (inset) of a dipped graphene electrode without elec-
trochemical treatment. (c) Cyclic voltammogram and chronoamperometry of the graphene electrode in a solution of 4 mM CoSO4 (Pt counter and 
Ag/AgCl reference electrode). (d) Raman spectra of various positions (inset) of electrodeposited Co on graphene membranes. 
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2.5. Calculation method 

To determine the electronic structures of the Co, Co2+, and Co3+ states, we simulated our experimental Co-L2,3 XANES spectra by 
using multiple configuration–interaction calculations, which encompass the full range of intra-atomic electron–electron interactions, 
spin-orbit coupling, and ionic crystal fields as well as the covalent hybridization between the Co and the surrounding atoms.[19,20] 
We calculated the reference spectra of Co2+ and Co3+ by using the XTLS 9.0 code.[19] This theoretical model has previously been 
applied to a wide spectrum of transition metal oxides, including various cobalt oxides.[21,22] 

3. Results 

3.1. Experimental graphene membranes and their control of Co adatom growth 

Fig. 1(a) displays the free membranes standing on the holes of the Si3N4 grid as the electrochemical window, and the high- 
magnification image (inset) reveals a folded pattern of suspended graphene layers. Fig. 1(c) displays the CV curve of the graphene 
membranes as the working electrode, demonstrating the redox potential of the Co2+ ions (Co2+ ↔ Co3+ at E0 = − 0.47 V, Co3+ ↔ Co4+

at E0 = − 0.18 V vs. Ag/AgCl).[6,23] The cathodic peaks shown in the magnified region of the inset of Fig. 1(c) are indicative of 
electrodeposited growth. Electrodeposition synthesis was performed by applying a reduction potential of Vd = − 0.67 V vs. Ag/AgCl, 
which resulted in the reduction of Co2+ ions over the potential barrier after − 0.64 V. For voltages of less than − 1.2 V, the graphene 
electrode exhibited high cathodic current because of hydrogen evolution reactions. The reduction potential of − 0.67 V was selected to 
avoid complications due to electrodeposited Co solidification. The other inset of Fig. 1(c) displays a chronoamperometric (CA) plot in 
which the current vs. time curve exhibits a decay of current to a minimal reduction. The CA plot converges to a current plateau because 

Figs. 2. (a–c) Scanning transmission X-ray microscopy images (OD image) of the dipped graphene membranes on the holey Si3N4 grid taken at PEs 
of 282.0, 527.0, and 770.0 eV, respectively. The averaged XANES spectra and Savitzky–Golay smooth curves were obtained at the C K-edge (a), the 
O K-edge (b), and the Co L-edge (c). The areas selected for the signal average are marked by the curve of black dots on the right side. 
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of the steady-state linear drift-diffusion of the electroactive ions, which balances the diffusion of the Co2+ ions and the nucleation of the 
Co adatoms. 

3.2. Lattice characterization of the graphene and Co complex in the solution-dipped graphene membranes and electrodeposited Co films 

The graphene window dipped in CoSO4 solution for 10 minutes was used as the control sample to verify that the graphene electrode 
remained unaltered in the absence of an applied potential (i.e., no cobalt salt residues). Figs. 1(b) and 1(d) display the Raman spectra of 
the dipped film (without electrochemical treatment) and the ex-situ characterization of the electrodeposited film, respectively. This 
measurement revealed intense G-bands (approximately 1580 cm− 1) and 2D-bands (approximately 2678 cm− 1), for which the back-
ground increased because of the scattering of the holey grid. Because the spectral assignment was well-established in the graphene 
Raman spectrum, two first-order bands and one second-order band were observed between 1000 and 3000 cm− 1: the D-band was at 
approximately 1350 cm− 1

, the G-band was at approximately 1580 cm− 1, and the 2D-band was at approximately 2720 cm− 1.[24,25] 
The D-band is associated with defects that perturb the breathing modes of carbon rings. The G-band is associated with the in-plane 
phonons at the center of the Brillouin zone. The 2D-band is associated with the excitation of two phonons with opposite momenta 
in the highest optical branch near the K-point, which is sensitive to the number of graphene layers.[26] In general, the Raman spectra 
of highly oriented pyrolytic graphite do not exhibit a D-band because of the absence of point defects in the lattice structure. In the 
present case, the graphene reference spectrum (dipped) did not exhibit a D-band, and the ratio of the peak intensities of the 2D-band 
and G-band (I2D/IG = 0.86) indicated good graphitization and the likely absence of more underlying layers.[27] Although the shape 
and intensity of the 2D-band can indicate the number of graphene layers and the amount of structural stress,[2,28] the Raman signal in 
our study was collected from a large scattering area that included the graphene and the neighboring holey grid. Characterizing the 
dipped graphene sample based only on the 2D-band of the Raman spectrum may not be appropriate. Thus, STXM can be applied to 
determine the suspended area of solution-dipped graphene through the microscopic method. Fig. 1(d) depicts the Raman spectra 
collected on an electrodeposited Co cluster (location 1 in the inset figure and the green spot for the laser point) on the Si3N4 grid. The 
Co cluster exhibits Co(OH)2-like features because the 423- and 506-cm− 1 peaks were ascribed to the OCoO and CoO (Ag) symmetric 
stretching modes, respectively.[29] At location 2 (inside the hole), the Co(OH)2-like features were negligible in the Raman spectrum, 
although the optical image (inset) displays the laser beam on the electrodeposited Co–graphene electrode. However, in the Raman 
signals of the underlying graphene layer, the D-band (approximately 1344 cm− 1), G-band (approximately 1580 cm− 1), and 2D-band 
(approximately 2687 cm− 1) are present and similar to those of the dipped graphene; this indicated basic lattice stability under 
long-term electrochemical deposition. Low increases in the D-band of graphene membranes are a characteristic of modification of the 
surface lattice of electrodeposited Co, although no Co(OH)2-like features were found. 

3.3. Nanoscale mapping images and chemical identification of solution-dipped graphene membranes 

The ideal sp2 structure of graphene is the exterior interaction of planar π electrons, which control chemical bonding and electron 
transfer at the interface. To analyze ion diffusion and nucleation occurring on the surface of graphene, STXM measurements of the 
electronic structure were conducted on the solution-dipped graphene membranes (i.e., surface chemical composition) through 
nanometric spatial resolution. XANES spectroscopy is an element-specific method for probing the electronic structure of a molecule 
because incoming X-rays excite the core electrons of the element into unoccupied states or a continuum band. Figs. 2(a)–2(c) present 
the averaged XANES spectra and the background images of the dipped graphene at the C K-edge (a), the O K-edge (b), and the Co L- 
edge (c). The background images were taken at PEs of 282.0, 527.0, and 770.0 eV, respectively. 

The pixels along the circular curves (black dots on the right of Fig. 2(a)–2(c)) show the XANES spectra of C, O, and Co from the 
selected regions. The XANES spectra by the pixel-averaged method is to reduce the noise level from the single pixels. The XANES 
spectrum at the C K-edge exhibits three apparent features at PEs of 284.7, 288.6, and 292.5 eV, attributed to the π∗(C=C), π∗(C=O of 
HO–C=O state or a defect), and the σ∗(C=C) states.[30,31] The first and third features are the resonance absorption of the 
graphene-like structure (π∗ and σ∗ unoccupied states), indicating that even in the ultrathin and low–carbon density of the graphene 
membranes, the electronic structure can be observed through the transmission mode of STXM. The C=C π∗ signal is weak, because the 
associated transition dipole moment in well-ordered graphene is oriented out of the plane and so has little overlap with the in-plane 
orientation of the electric field vector of the linearly polarized X-rays. The spectral intensity and shape are strongly dependent on the 
light-matter dichroism, incident light angle, chemical composition, and crystalline orientation of graphene, in characteristic of the low 
π∗ and high σ∗ state in our graphene membrane.[33] 

The C=O bond of the carboxylic group (HO–C=O) can be resolved because of the perpendicular bonding to the basal plane and its π 
electrons being parallel to the basal plane.[32,33] Alternatively, the feature at PE = 288.6 eV can be considered as a consequence of the 
formation of defects (e.g. wrinkles and ripples) in the graphene after the membrane transfer process.[33] On the basis of Beer’s law, the 
edge jump of OD in Fig. 2(a) is approximately 0.082. The density of graphene is 2.16 g/cm,[3,34] and the calculated photoabsorption 
cross-section of graphene is approximately 4.0074 × 104 cm2/g.[33] Thus, the thickness of our graphene membranes was approxi-
mately 9.47 nm (about 28.3 layers of graphene with an interlayer distance of 0.335 nm) in our calculation, which is much larger than 
the bi-layer G. 

The problem regarding the graphene thickness by Beer’s law calculation can be deduced from the removal of the PMMA stack and 
the structural property of graphene. The literature[35,36] indicates that the total removal of PMMA without any residues is still 
challenging for producing a high-quality graphene. Structural discontinuities, i.e. tearing and cracks, are induced by the etching 
method due to the strong interaction between the graphene layer and the PMMA layer. Besides, the graphene window used for the 
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microscopic measurement is transferred to the area on the holey support, an analogous fold and ripple becomes worse on the holey 
support than on a solid support.[37] Thus, a surface with fewer organic impurities and structural discontinuities/ripple is commonly 
obtained on the graphene membranes and observed in our case. Although our thickness calculation is based on Beer’s law for the pure 
model in the transmission experiment, the pixel signal collected from the carbon mapping image has the variable quantities (μ and ρ) 
due to the disordered/doped graphene, polycrystalline/grain surface, extra-absorbed impurity, and fold/ripple stacking. We consider 
that the reasons for a high OD (absorbance) signal are mostly due to the residues after PMMA etching, layer-folded sticking, poly-
crystalline graphene structure, and liquid-induced surface structure or oxidation in the solution-dipped graphene. 

Because the averaged XANES spectrum at the O K-edge was weakened by the low oxidation state in the graphene, we used the 
Savitzky–Golay (SG) smoothing filter to identify any oxidation states of the dipped graphene. After the wide SG smoothing filter, the 
corresponding C=O signals still can be assigned for the peak at PE = 530.8 eV to the π∗(C=O) states.[31,32] XANES features are 
determined by the projection intensity of X-ray polarization to the basal C=C plane and the chemical structure coordination of 
oxidation. In this study, the graphene membranes maintained contact with the holey Si3N4 through the Van der Waals force between 
the substrate and the graphene. The graphene surface was slightly folded by the suspended geometry and the dip-and-dry process, 
leading to the lack of clarity of the XANES features in the C and O K-edge spectra. Although the XANES spectrum was averaged for 
nearly the entire area of the graphene, no signal was detected at the Co L-edge. Because of the current STXM sensitivity, Co ions from 
the solution did not stick easily to the surface of the polycrystalline graphene, even though the membranes were dipped inside the 
solution. Thus, the solution-dipped graphene does not allow the natural adsorption of Co ions; but, the graphene membrane was 
partially oxidized by the C=O bond of the carboxylic group or considered as defect formation in the ambient environment. 

3.4. Nanoscale mapping images and chemical identification of the electrodeposited Co–graphene system 

After electrochemical deposition of the Co2+ ions, the graphene electrode and the Co-NPs were characterized through TEM and 
STXM. Fig. 3(a) displays a TEM image of the electrodeposited Co grown on the graphene electrode, and Fig. 3(b) and 3(c) display 
magnified images of the details of the NPs (green squares marked in Fig. 3(a)). Fig. 3(a) indicates that the electrodeposited Co grew in 
an ordered crystal structure ranging from 5 nm to 10 nm in the initial stage. Fig. 3(b) demonstrates that the later stage consisted of an 
amorphous material covering the entire area of the NPs. To identify the differences between the electronic structures at the 
Co–graphene interface, the dependence of the NPs and the underlying graphene support must be characterized through STXM. In the 

Fig. 3. (a–c) High-resolution TEM images of electrodeposited Co–graphene membranes. (d–f) Selected areas of the XANES spectra of the C K-edge, 
O K-edge, and Co L-edge and the corresponding averaged areas (insets) of the element maps. The inset images (OD images) in (d–f) were taken at the 
C K-edge image (291.8 eV), O K-edge image (532.0 eV), and Co L-edge image (776.4 eV) for the optimum contrast. The chemical imaging area 
corresponded to the same electrodeposited Co area shown in Fig. 3(a). 

J.-J.V. Vélez et al.                                                                                                                                                                                                     



Chinese Journal of Physics 76 (2022) 135–144

141

inset images of Figs. 3(d)–3(f), three different sample areas were selected: area 1 for the high-density core, area 2 for the low-density 
electrodeposited area, and area 3 for the empty or less electrodeposited area, which show the same NP areas in the TEM image. The 
XANES spectrum at the C K-edge indicates absorption peaks at PEs of 284.9, 286.6, 288.4, 290.2, and 292.5 eV, which are attributed to 
the various functional groups of the graphene electrode, such as π∗(C=C), π∗(C–OH), π∗(C=O in HO–C=O) or a defect, π∗(O–C(O)–O or 
C=O at the edge), and σ∗(C=C) bonds.[30,31] The XANES spectrum for the O K-edge indicates three π∗ resonances (530.8, 532.4, and 
534.0 eV) and two σ∗ resonances (536.8 and 538.9 eV), corresponding to the oxidation states of the graphene electrode and the 
electrodeposited Co particles. The first feature at PE = 530.8 eV corresponds to the π∗(C=O) bond, and the other two peaks at 532.4 
and 534.0 eV correspond to the hybridized Co 3d–O 2p states.[34] The features at 536.8, 537.2, and 538.9 eV resulted from the 
resonant σ∗(C–OH) and the O 2p–Co 4s states.[34] The upper layer of the electrodeposited Co in area 1 exhibited a higher OD signal for 
the C, O, and Co elements than did areas 2 and 3 because of the high Co deposition and density. The multiple features of the Co XANES 
spectra at the L3- and L2-edges were divided into two regions (774–781 eV and 789–795 eV), which are involved by the oxidation state, 
crystal field splitting, and low/high spin states of Co 3d.[34] Although the noise level at the Co L3- and L2-edges is high because of the 
NP size and thickness, the XANES signal can still be connected to NP density in the three areas. The detailed spectral evidence is 
discussed later in the theoretical simulation section. 

3.5. Configurations of chemical binding between the graphene and electrodeposited Co complex 

The oxidation species (C–OH to HO–C=O (or a defect) and O–C(O)–O (or C=O) hybridization) offer various bonding configurations 
at the electrodeposited Co–graphene interface. Area 3 (the empty or less electrodeposited area) exhibited carbon features similar to the 
dipped graphene electrode, except for the C–OH bond. This means that the C–OH bond started to build at the graphene interface before 

Fig. 4. (a) X-ray absorption of the Co L2,3-edge and the corresponding fitting data (upper panel) and reference spectra of metal Co0, octahedral 
(Oct.) symmetrical Co2+, and Oct. symmetrical Co3+ species (bottom panel). (b) C Kα, O Kα, and Co Kα energy-dispersive X-ray analysis images on 
the same area as the upper transmission electron microscopy image. The contour line was derived from the transmission electron microscopy image 
(white doted area). 
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Co electrodeposition, earlier than the reduction and formation of the initial Co2+ ions. Area 2 (the low-density electrodeposited area) 
was classified based on the visible crystalline particles in the TEM image, and its XANES spectrum exhibited higher O and Co signals 
than area 3 (the empty or less electrodeposited area). Because of the formation of electrodeposited Co, a new C species appeared at 
290.2 eV for π∗(O–C(O)–O) carbonate or π∗(C=O) carbonyl states at the edge,[30,31] but it was only found in area 1. Furthermore, 
area 1 (the highest density core) exhibited a spectral multisplit state of the Co site higher than the features in area 2, indicative of the 
nucleation of a new phase of Co-NPs formation. The Co signal selected in area 3 has a flat OD intensity in XANES for no Co-NPs 
nucleation on the graphene membrane, consistent with the previous TEM image (Fig. 2(a)). The oxidation states (C–OH, OH–C=O 
or a defect, and O–C(O)–O or C=O bonds) in the carbon edge, as shown in Fig. 3(d); these were consistent with the oxidation bonds 
(C=O, C–O, Co 3d/O 2p, Co 4s/O 2p) at the O edge in Fig. 3(e), thus supporting this interpretation from the C and O site. 

3.6. Revolution of oxidation state by the theoretical simulation 

Graphene electrode species, such as hydroxyl, carbonyl, and carbonate (or carbonyl) functional groups, occurred at the interface of 
the Co-NPs and graphene, leading to Co growing in diversity. Fig. 4(a) depicts a curve-fitting simulation separating the lattice field and 
the oxidation state of the Co-NPs from multiple XANESs. The spectra were fitted through a linear combination of the reference spectra 
(Metal Co0, Oct. symmetrical Co2+, and Oct. symmetrical Co3+ species), as shown in the lower panel of Fig. 4(a).[19], [21–22], [34] 
Because the area of the absorption spectrum is proportional to the number of the unoccupied states, integration must be performed 
without the influence of the continuous states. Therefore, the influence of the continuous states on the Co metal was subtracted in the 
reference spectra for the Co2+ and Co3+ states by using the XTLS 9.0 code. The calculated spectrum of Co3+ was similar to that of 
EuCoO3 obtained by Tanaka and Jo,[19,21] the spectrum of Co2+ was close to that of Y2CoMnO6 obtained by Murthy et al.,[38] and 
the Co0 spectrum indicated a Co metal. As Fig. 4(a) shows, the raising shoulder at the lowest (highest) PE is a hint to assign the 
contribution to Co2+(Co3+). Table 1 summarizes the parameters for the calculation of the clusters. The systematic error with/without 
Co◦ contribution was used to subtract the fit from the experimental spectra, and integrate the square of the deviation between the 
experimental and fit data. The ratio for the scenario with (without) Co0 is around 0.0031 (0.0057) in the area 1. Thus, it is necessary to 
include Co0 in the fit of area 1 and 2. 

The table in the upper panel of Fig. 4(a) is the summary of the results of curve-fitting statistics. Area 2 consists of 84.0% ± 13.5% 
Co2+ and 16.0% ± 4% Co3+ species. The percentage of metal Co0 and Oct. Co3+ in area 1 increased upon the elimination of Oct. Co2+

species (from 84.0% ± 13.5% to 30.5% ± 6.5%). The densest core of area 1 consisted of the phase of metal Co0 (up to 32.5% ± 4.5%) 
due to the cathodic electron transfer from the graphene electrode. Because different bonding configurations (C-OH, C=O of HO-C=O, 
O-C(O)-C, and C=O) were found at the graphene surface, the Oct. Co2+ and Co3+ states could possibly form the Co2+(CO)x and 
Co3+(CO)x interface due to the oxidation states of graphene for the initial Co-NPs nucleation.[8] 

The quantitative images obtained through the chemical element mapping analysis with EDX-TEM exhibited the spatial signal 
distribution of the Co0/Co2+/3+(CO)x NPs and the graphene electrode, as shown in Fig. 4(b). The same Co-NP region (white doted 
square in Fig. 4(b)) is represented by the C Kα, O Kα, and Co Kα images from the EDX analysis. Although the long attenuation depth of 
the X-ray emission and the low cross-section scattering make the light elements insensitive, the C Kα image represents the symmetric 
distribution inverse to the Co Kα image. The black contour lines in the C/O/Co Kα images depict the highly ordered area of the Co-NPs 
in Fig. 4(b). The image depicts the anchoring of Co-NPs to the graphene surface through distorted C-bonding, consistent with the 
obscure split of σ∗(C=C) by the distorted graphene lattice in Fig. 3(d). The more uniform concentration of the O Kα image on the 
graphene electrode plane than on the Co and C emission images implies an additional source of O from the aqueous solution (i.e., OH−

ions) and the rearrangement of O ligands (i.e., O–C(O)–O and C=O) at the surface of the Co-NPs, which is consistent with previous O K- 
edge XANESs in the STXM data. 

3.7. Active graphene membranes to reduce Co2+ ions and control crystallization 

Graphene is a promising candidate for use as a transparent conductive membrane in spectroscopy and microscopy because of its 
thickness, strength, electrical conductivity, and relatively high resistance in harsh environments. Although the window materials were 
the conducting graphene electrodes stayed on the insulating Si3N4 support, only the graphene layers played an active role in the 
electron transfer and electrochemical reduction of Co ions. Dipping graphene electrodes in a CoSO4 solution prompted the formation of 
C=O bonds (or defect-like sp3 hybridization). The purpose of the voltage (− 0.67 V) applied during electrodeposition was to overcome 
the overpotential barrier and maintain the nucleation structure of the Co-NPs. The interfacial adsorption and nucleation were 
controlled, allowing for enhancement of the interface–bulk ratio. An increase in the thickness of the electrodeposited Co (from areas 3 
to 1) raised the amount of HO–C=O (or a defect) and O-C(O)–O (or C=O) bonds, which was in contrast to the decreasing ratio of the 
C–OH bond signals.[9] By increasing the reduction time, a larger number of electrons were transferred to the cathode for aqueous Co2+

ion reduction, forming Co3+(CO)x and Co2+(CO)x at the graphene anchor points. Although our previous results[8] indicated the 

Table 1 
Parameters (eV) for calculating the Co-L2,3 absorption spectra of Co2+ and Co3+.   

Udd Upd Δ (charge transfer energy) 10 Dq pdσ pdπ 

Co2+ 6.5 8.2 6.5 0.6 -1.14 0.53 
Co3+ 5.5 7.0 2.0 0.77 -1.58 0.73  
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formation of CoxOy(OH)z and Co(CO)x on the graphene interface, this study focused on the initial stage of nanoscale Co-NPs and the 
individual spectroscopic evidence for C, O, and Co. The progressive reaction in the high-density core region demonstrated the tendency 
of the chemical states to transition from Co3+(CO)x to Co2+(CO)x and metal Co◦ crystal. These states represent the points worth 
investigating to enhance the catalytic performance of the Co–graphene complex compared with pristine graphene or Co. The elec-
trocatalytic synergy can be attributed to three factors: (a) the graphene layer maintaining electrical conductivity and a flexible surface 
to give a way for the electron and hole transport path, whereby a large number of Co-NPs are absorbed by the interfacial hydroxyl and 
carbonyl groups; (b) the mixing Co state anchoring to the graphene surface, where it is conductive and active in electrocatalytic re-
actions; and (c) both Co-NPs and the graphene surface being able to contact aqueous ions because of the hydrophilic property brought 
about by oxidation. 

4. Conclusions 

The goal of this research on the electronic structure of composite Co–graphene membranes was to understand how the graphene 
electrode interacts with the upper Co-NPs through electrochemical reactions and cathodic electron reduction. Through XANES 
spectroscopy, the multiple carbonyl-like states (C–OH, HO–C=O, and O–C(O)–O/C=O) and multisplit Co states (Co0, Co2+, and Co3+) 
were identified by nanoscale STXM. The solution-dipped graphene exhibited a HO–C=O (or a defect) state formed on the surface, but 
adherence of Co ions to the graphene surface was not detected. Whereas the Co-NPs were progressively nucleated on the surface by the 
cathodic electrons, the C–OH state also formed at the Co–graphene interface as the anchoring point. To determine the electronic 
structure of Co, we fit the experimental spectra through a sum of the reference spectra for Co0, Co2+, and Co3+. The results indicated a 
transition from Co2+ to Co3+ and Co0 and an increase in the size of the Co-NPs. In the large Co-NPs, the bonding sites of the graphene 
surface (HO–C=O (or a defect) and O–C(O)–O (or C=O) states) were distinct because of the formation of the Co3+(CO)x and Co2+(CO)x 
species. The electron transfer matter for the electrochemical reduction process not only led to the absorption of Co2+ ions in the liquid 
phase but also modulated the carbon bonding species for the subsequent Co-NPs nucleation. Thus, the performance of the graphene 
window obtained through the electrochemical treatment was largely dependent on the interfacial chemical structure and the physical 
character of the composite materials. Our chemical mapping evidence accounts for the multiple bonding species of the graphene 
electrode and the tendency of deoxidation in the Co-NPs nucleation on the composite Co–graphene electrode, which accounts for the 
synergistic performance of electrodeposited Co–graphene system in energy materials applications. 
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