Photoelectron spectroscopy at the graphene-liquid interface
reveals the electronic structure of an electrodeposited
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Abstract: Electrochemically grown cobalt on graphene exhibits exceptional performance as a catalyst for oxygen evolution reactions
and provides the possibility of controlling the morphology and the chemical properties during deposition. However, the detailed atomic
structure of this hybrid material is not well understood. To elucidate the Co/graphene electronic structure we have developed a flow
cell closed by a graphene membrane that provides electronic and chemical information of active surfaces under atmospheric
pressure and in the presence of liquids by means of X-ray photoelectron spectroscopy (XPS). We found that cobalt anchors on
graphene via carbonyl-like species, i.e. Co(CO), promoting the reduction of Co®* to Co?*, which is believed to be the active site of the
catalyst.

Main Text: Developing new clean energy storage systems has become one of the most important challenges!™. Electrolysis of water
to produce hydrogen as a storable and clean fuel offers new opportunities to progressively replace the use of fossil fuels.
Nevertheless, voltages well beyond the thermodynamic potential of 1.23 V are typically required to split water, mainly due to the slow
kinetics of the oxygen evolution reaction (OER) at the anode®. To achieve a desirable current density, of at least 10 mA/cm?, several
hundred millivolts above the standard reaction potential are needed® Ieading to poor process efficiencies. Metal oxides such as IrO,
and RuO, and compounds thereof are the most active materials under OER™ but these elements are expensive and listed among the
rarest. Therefore, new catalysts based on abundant metal oxides and C based materials have been developed™. Graphene has been
found to be an ideal substrate for a wide range of energy related applications'®, in particular for electrocatalysis, becoming
catalytically active through its functionalization with different materials!”.

Figure 1. (A) Schematic drawing of the Si;N4 grid coated by a BLG. The incoming X-ray produces two kinds of signals: photons from the core-hole decay and
Auger/photo-electrons. (B) SEM image of a SizN, grid with an array covered by BLG.

One noteworthy case is nanoscale Co grown on graphene. This system has demonstrated a remarkable performance for OER and
for oxygen reduction reactions (ORR)®, even better than that of C based electrodes functionalized with noble metal catalysts such as
Pt or Ir1"%. The functionalization of C with low-cost metals using electrochemical procedures opens up the possibility of controllin
the morphology and chemical properties of the electrodeposited metal to increase its activity, selectivity and corrosion resistance!"l.
So far, the atomic structure and interaction between Co and graphene as well as the nature of the active sites, are not well
understood. At present the lack of experimental methods capable of providing atomic level information about the electrochemical
processes occurring at solid/liquid interfaces remains a major obstacle to the improvement of these catalysts.

Advances such as (near) ambient pressure photoelectron spectroscopy (NAP-XPS)'? have enabled the study of liquids under vapor
pressures in the mbar range compared to previous studies in UHV. Recently, electrochemical cells based on a proton exchange
membrane have been developed™ making it possible to investigate the electronic structure of Pt and Ir anodes during the OER
under low water vapor pressures. Another promising approach combines X-ray absorption spectroscopy (XAS) in the total electron
yield mode (TEY) with a frequency discrimination method using X-ray beam intensity modulation and lock-in-amplifier detection
allowing the investigation of the structure of water close to a gold surface under applied bias!". Of late, a method based on the
preparation of nanometer-thin liquid films at the tail of a wetting meniscus formed in an electrode partially immersed in the electrolyte
has been developed!'®, which requires X-rays of several keV to allow photoelectrons to escape through the thin liquid film.
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Figure 2. Cyclic voltammogram and charge transfer curve (inset) at -1 V in 4 mM CoSO;, electrolyte.

A different approach entails the use of an electron transparent membrane based on graphene to separate the vacuum measurement
chamber from a cell filled with liquid"®. The X-rays can easily penetrate the mono- or bilayer graphene film and photoelectrons can
escape and be detected on the vacuum side. Based on this idea we constructed an electrochemical liquid flow cell using a bilayer
graphene (BLG) membrane following the procedure described in the supplementary information!'”). Figure 1 shows a schematic
drawing of the grid of holes coated with graphene and a corresponding scanning electron microscopy (SEM) image (the full
membrane is shown in figure S2). This cell allows us to detect photo- and Auger electrons generated near the solid/liquid interface
and XAS in TEY and in fluorescence yield (FY) modes. The liquid flow cell (figure S3) is operated inside the main chamber of the
ISISS!"® endstation at BESSY Il at a pressure of ~107 mbar, while aqueous solutions circulate on the back side of the membrane.
Technical cell details are described in the supplementary information.

To produce catalytically active Co/graphene composites we flowed a 4 mM CoSOQO;, solution prepared with ultrapure Milli-Q water
inside our cell and performed an underpotential deposition as described in figure 2. This method allows the electrochemical control of
the deposition rate and the oxidation state. The complex reaction process involves several steps, such as diffusion of electroactive
species, de-solvation, formation and incorporation of ad-atoms at lattice sites of the growing deposit.

Figure 3. (A) SEM image of membrane and (B) Co/Si EDX mapping on the back side, UHV interface (Co is magenta and Si is blue).

Figure 2 shows a cyclic voltammogram (CV) recorded at 20 mV/s. The cross-potential (V¢) at -0.9 V corresponds to the equilibrium
potential of the metal redox couple (]Coz+/Co°)[19]. Peaks | and Il are associated with the dissolution of deposited Co or with the
oxidation of two different Co phases®?”. The inset of figure 2 shows a chronoamperogram (CA) and the total charge transferred during
electrodeposition at a deposition voltage (Vq) of -1.0 V. The total charge transferred was 1 mC after ~1600 s. Given this, the thickness
of the electrodeposited Co can be estimated from the equation:

_ M-Qr
p-An-F’

where M = molar mass, Qr = total charge transferred, p = density, A= effective area, n = valence of the metal, and F = Faraday’s
constant. The electrodeposited film was probed with SEM and energy dispersive X-ray spectroscopy (EDX) from the side exposed to
UHV (see figure 3). The images show that Co (magenta) has been deposited across the graphene membrane as all
graphene-covered holes show a relatively homogeneous Co coverage.

The OER activity of the Co electrodeposited onto graphene was evaluated with a 10 mM KOH solution. Figure 4a shows the CVs
(recorded at 20 mV/s) of the pristine graPhene and the Co/graphene electrodes. For the electrodeposited Co the CV shows two
oxidation peaks and one reduction peak®". The anodic peaks observed at ~0.6 V (1) and ~1.2 V (ll) are ascribed to the oxidation of
Co*" to Co®* and Co®" to Co*', respectively. The peak at ~1.1 V (lll) is assigned to the transition from Co*" to Co®" when the potential
is reversed indicating that the OER is preceded by Co oxidation. In addition the OER was analyzed by linear sweep voltammetry
(LSV) at a scan rate of 20 mV/s (see figure 4b). A noteworthy overpotential decrease due to the presence of the Co is seen, which
was evaluated at a current density of 10 mA/cm?.
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Figure 4. (A) C and (B) LSV of pristine graphene and electrodeposited Co on graphene. The measurements were performed under 10 mM of KOH using a
three electrode cell with Pt counter and Ag/AgCl reference electrodes.

The electronic structure of the electrodeposited Co onto graphene was investigated by means of X-ray spectroscopy. Accordingly, the
in situ XAS measurements were conducted under operating conditions. The Co L3 ,-edges involve excitations of the 2p electrons to
the unoccupied Co 3d states and are sensitive to the valence and the coordination environment of the Co atoms???. Figure 5a shows
XA spectra recorded before and after the electrodeposition of Co, which were recorded in TEY mode (lower panel, red spectra) from
the photoelectrons collected by the graphene membrane and in FY mode (top panel, green spectra) from the photons that escape
through the membrane. The TEY mode is more sensitive to the layers near the Co/graphene interface due to the short inelastic mean
free path of electrons in solids while the FY is mostly bulk sensitive because of the larger photon penetration depth. Thus, the
combination of these two modes provides insights concerning the anchoring between Co and graphene as well as details of the bulk
chemical state. After the electrodeposition, the TEY signal for the Co-L edge is consistent with the rock salt CoO structure with an
intense peak at 777.4 eV associated with Co?*®®. Meanwhile, the FY spectrum is characteristic of CosO., as indicated bzy the intense
Co® peak at 780.2 eV. Consequently, the anchoring of Co to graphene prompts the reduction from Co*" (bulk) to Co®* (interface),
which is associated with the substitution of O ligands by C in Co304in the form of Co(CO)x.

In addition, the electronic structure was investigated with XPS, which probes the core level binding energies of the constituent
species. Figure 5b shows the Co 2p XPS region collected before and after the Co electroplating process. The Co 2p spectra feature a
doublet 2ps, and 2p+;, with a spin orbit splitting AE of 15.5 eV. Peak assignment and species quantification is challenging as most of
the species appear within a 2.5 eV binding energy (BE) range, including the complex satellite structure characteristic of first row
transition metals®®¥, which is indicative of Co?"/Co®" with unpaired d electrons and could be associated to an oxygen rich environment.
Therefore, some ambiguity in the peak assignment and quantification of such components still exists due to species with similar BE
resulting in overlapping peaks of adjacent species®®. It has been suggested that the XPS 2p peak deconvolution of transition metal
species cannot be done using a single peak approach due to multiplet splitting and satellite structure®. The close interaction of C
with Co can be compared to a previous XPS investigation of pristine and deposited cobaltocene films?”. In this investigation, the pure
cobaltocene film showed two main peaks at binding energies of ~783 eV and ~798 eV corresponding to the spin-orbit split Co 2ps»
and Co 2p+2 components in good agreement with our measurements. Accordingly, the Co 2ps2 spectrum here is deconvoluted using
two dominant Gaussian-Lorentzian peaks at binding energies of 783.2 eV (Peak A) and 785.6 eV (Peak B) with two shake-up
satellites at 6 eV higher BE than the main peaks (Sa and Sg). The Co2p3,2/Co2p+, intensity ratio was fixed to 2. The peak at ~783.2
eV (Peak A) is typically attributed to Co?*?®l. Therefore, Co®* bound to C appears responsible for the peak observed here at this same
BE, which shows multiplet splitting and satellite structure resulting in the majority of the signal seen. We note that minor amounts of
Co,0,(OH), may be present and contribute to the Co 2p spectrum™®.. Furthermore, the peaks at 783.2 eV (Peak A) and 785.6 eV
(Peak B) can also be related to the formation of Co bound to oxygen in the form of carbonyl-like species such as Co(CO),?**! as
comparison with pyrolyzed and porphyrin-Co samples reveals. The higher binding energéy side of these peaks overlap with the
shake-up satellite envelopes Sa and Sg,?**"! which are associated with the presence of Co* species. Consequently, the synergistic
interaction between Co and graphene is probed, which reveals that the anchoring of Co to the graphene by means of Co(CO), bonds
yields the formation of Co?* species.
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Figure 5. A) XAS Co L-edge collected in TEY mode (lower panel, red spectra) before and after electroplating, and FY (upper panel, green spectra). (B) Co 2p
XPS region before (bottom, black curve) and after the electroplating (top, red curve).

In summary the anchoring and chemical state of electrodeposited Co on a graphene electrode and its OER electrochemical activity
was investigated under operando conditions. This analysis is made feasible by the development of a novel electrochemical cell
incorporating an electron transparent membrane based on BLG that facilitates electron spectroscopy from electrode-electrolyte
interfaces during potentiometric control. Using this approach, we demonstrated that the electrodeposition of Co onto graphene gives
rise to the reduction of Co®" to Co®" species at the interface. The anchoring of Co to graphene is due to the formation of Co bound to
oxygen in the form of Co(CO)x species. Therefore, the enhancements in electrocatalytic activity and stability under OER shown by



Col/Graphene composites are likely related to the hybrid interface contacts, which control and promote electron transfer reactions.
The increase in the catalytic activity as well as the binding mechanism of the Co oxide catalyst is attributed to Co®* active sites
derived from the reduction of Co® species. This novel setup opens a way for studies of electrode processes with high sensitivity to
the interfaces both in surface sensitive electron spectroscopy and in electron microscopy based techniques.
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