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ABSTRACT: A micro-electrochemical cell is sealed with a polymer-free single-layer graphene
(SLG) membrane to monitor the stability of Cu nanoparticles (NPs) attached to SLG, as well as
the interfacial electronic interactions between Cu NPs and SLG both in air and in a mildly
alkaline aqueous solution under electrochemical control. A combination of techniques, including
in-situ Kelvin probe force microscopy (KPFM) and ex-situ electron microscopy, are applied.
When Cu NPs are metallic at cathodic potentials, there is a relatively bias-independent offset in
the SLG work function due to charge transfer at the Cu-SLG contact. When Cu NPs are oxidized
at anodic potentials, on the other hand, the work function of SLG also depends on the applied
bias in a quasi-linear fashion due to electrochemical gating, in addition to charge transfer at the
CuOx-SLG contact. Furthermore, Cu NPs were found to oxidize and detach from SLG when kept
under anodic potentials for a few hours, whereas they remain adhered to SLG at cathodic
potentials. This is attributed to water intercalation at the CuO-SLG interface associated with the
enhanced hydrophilicity of positively polarized graphene, as supported by the absence of Cu

detachment following oxidation by galvanic corrosion in air.
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1. INTRODUCTION

Electrochemistry is one of the oldest fields in the natural sciences and it still plays a central
role in contemporary energy storage and chemical conversion technologies [1-2]. Despite its rich
history, current descriptions of electrode-electrolyte interfaces are to a large extent limited to
continuum electrical double layer (EDL) models, ensemble experiments (e.g., cyclic
voltammetry (CV), impedance spectroscopy, etc.), and ex-situ characterization techniques (e.g.,
electron microscopy) for determining chemical composition, chemical state, and morphology of
the electrodes and EDL after the reaction has taken place. Probing the electrified interface
between an electrode and a liquid solution during a reaction is a daunting task. Over the past few
decades, there have been significant advances in various spectroscopic and microscopic methods
that can probe these interfaces under operating conditions; each one of these methods marked by
both advantages and drawbacks, as summarized in ref. [3]. Information obtained from such in-
situ | operando spectroscopy techniques has greatly improved our present understanding of the
solid / liquid interfaces. Apart from the spectroscopic techniques, electrochemical scanning
tunneling microscopy (EC-STM) stands out as the most commonly used technique for
characterization of electrode-electrolyte interfaces with high resolution [4-5]. Another scanning
probe technique that could be of substantial importance for electrochemical systems is Kelvin
probe force microscopy (KPFM), which is a variant of atomic force microscopy (AFM) that is
extensively used to map work function (WF) variations of materials both in ambient or vacuum
conditions [6]. It, however, has technical limitations; most importantly, it cannot be used in polar
liquids unless employing open-loop KPFM [7-8], or by more specialized adaptations that are not
widely available [9].

Capping a micron-sized reactor-cell with a graphene-membrane is an alternative approach to
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traditional means of conducting spectroscopic and microscopic experiments. Reactor-cells
utilizing the graphene-membrane approach have already been shown to be feasible for electron
microscopy and x-ray spectroscopy techniques [10-17]. In our previous work, we applied this
approach for KPFM and Raman spectroscopy measurements, presenting the WF changes in
single layer graphene (SLG) suspended on an alkaline aqueous solution under electrochemical
reaction conditions [18]. Since KPFM is a direct electrostatic measurement, it is ideal for probing
the electronic interactions between SLG and other materials attached to it. We show here that the
graphene-membrane approach for electrochemical measurements can be extended to functional

materials such as transition metal / transition metal oxide nanoparticles (NPs).

In this study, the interface between Cu NPs and SLG serves as the model system. Cu
surfaces are well-established catalysts for electrochemical reduction of CO: into valuable
products [19-20], while utilizing carbon-based materials as a supporting substrate [21-23].
However, prior to establishing the catalytic activity and surface chemistry of Cu NPs under
electrochemical CO; reduction conditions, their interfacial stability during electrochemical
oxidation and reduction conditions should be addressed. The most important concerns are the
electronic decoupling and physical detachment of Cu NPs from the SLG support, and dissolution
of the Cu NPs during either oxidation or reduction. The issue of electronic decoupling at the
graphene-Cu interface was mainly investigated in the literature on polycrystalline Cu supports in
the context of intercalation of oxygen-containing species (e.g., oxygen, water vapor) from
ambient air. Studies performed with x-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy showed that electronic decoupling of graphene from the substrate accompanies the
intercalation of such species and the formation of an oxide layer on the Cu surface [24-25].
Interestingly, annealing such samples in vacuum reverses the electronic decoupling as the oxide
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is reduced [24]. A more severe phenomenon that takes place at the graphene-Cu interface is
corrosion: Although graphene provides an effective protection of underlying Cu substrates from
short-term oxidation [26-27], long-term exposure to air causes galvanic corrosion [27-30]. The
galvanic corrosion on polycrystalline Cu depends on the crystal orientation, in such a way that
grains with lower WF (due to higher atomic corrugation), specifically those with a WF lower
than that of graphene, are subject to corrosion [30]. Furthermore, whilst galvanic corrosion takes
months in air, polycrystalline grains were corroded in a couple of days inside deionized water
[30]. Finally, dissolution of Cu NPs could be a problem in acidic or alkaline solutions even at

open circuit potential (OCP).

In this work, we evaporated Cu on SLG to form NPs with random shape and size. Initially,
we investigated the stability in ambient conditions, observing oxidation over the course of a
month, similar to the oxidation of corrugated grains in previous studies [27-30]. We did not
observe any material loss. Using in-situ KPFM measurements combined with ex-sifu electron
microscopy analysis, we further investigated the changing oxidation state of Cu in an alkaline
medium, as well as its electronic coupling to SLG and interfacial stability under various
constant-potential reaction conditions. Whilst Cu NPs undergo oxidation and reduction as
expected, we observed loss of material due to detachment of NPs from SLG at anodic potentials.
We associate this behavior with electro-wetting of graphene that enhances water intercalation at
the interface between SLG and oxidized Cu. These results raise questions about the use of
carbon-based materials as supports for materials for Cu, especially in oxidized form at anodic
potentials. We believe that this work serves as a benchmark for further studies in the
characterization of electrochemical interfaces on transition metal / transition metal oxide NPs in

aqueous solutions.



2. EXPERIMENTAL SECTION
2.1 Sample Preparation

Graphene-membranes were prepared using the approach described in ref. [17-18]. In brief,
chemical vapor deposition (CVD)-grown single-layer graphene (SLG) on polycrystalline Cu foil
was transferred onto Au(30 nm)-coated SiNy grids (with a 200 nm thick window in the center,

Ted Pella Inc, USA) with an array of perforations (450x450 pm? array of ~500 - 600 nm). Prior

to transferring SLG, Cu foil was etched in a Na2S20s solution followed by diluting the etchant
solution with a few liters of deionized water. SLG suspended on deionized water was then fished
out with an Au-coated SiNx grid. Complete details of the transfer can be found in ref. [18].
The Au coating (deposited by e-beam evaporation) ensures electrical continuity over large-areas
even in the presence of localized tears in the SLG. A distinguishing and crucial factor in our
preparation method is the transfer of graphene without the use of a support polymer, in order to
avoid polymer residues that can influence charge-carrier doping, and potentially cause additional
side reactions. Cu was evaporated on the backside of the sample with a nominal thickness of 1
nm, resulting in the formation of Cu NPs, as shown in the scanning electron microscopy (SEM)
image in Figure la. The samples were then annealed to 300 °C in ultra-high vacuum (UHV) for 4
h in order to desorb water and hydrocarbon contaminants, which also resulted in sintering of the
Cu NPs, as shown in Figure 1b. These sintered Cu NP clusters were used in the rest of the
experiments in this work. The presence of Cu NPs changes the topography and phase contrast in
intermittent-contact mode AFM images. Figures 1c and 1d show the topography and phase
images of suspended SLG in the absence of NPs, which both exhibit a rather uniform profile

across the membrane. In the presence of Cu NPs, the topography takes on corrugation in the
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form of thin web-like features with a height difference of around half a nanometer (Figure le).
This pattern can be better observed in the corresponding phase image, since the phase contrast
depends on viscoelastic properties of the surface, which is affected by the presence of Cu NPs
behind the membrane (Figure 1f). We performed XPS measurements after annealing (without
breaking the vacuum) to confirm the relative cleanliness of the sample. No elements other than
Cu, C, O, and Au were detected (Figure S1). Oxygen species likely relate to the functionalization
of certain defect sites of CVD-grown graphene. Hydrogen, which is also expected to

functionalize defect sites, cannot typically be detected with lab-source XPS.




Figure 1. SEM images of a suspended-SLG region with Cu NPs under the SLG; (a) after
evaporation of 1 nm Cu and (b) after annealing in UHV at 300 °C for 4 h. Whilst the NPs are
evenly distributed after deposition, they sinter into a cluster after annealing. An electron energy
of 5 keV and scanning transmission electron microscopy (STEM) detectors were used for both
images. Whilst (a) is a high angle annular dark-field image, (b) is a bright-field image. AFM
topography (c,e) and phase (d,f) images of a circular suspended-SLG region; (c-d) bare
suspended-SLG, (e-f) with Cu NPs underneath the SLG similar to (b). Our samples consist of
thousands of such circular suspended-SLG regions, covering a total area of 450x450 pum?. All

image acquisition started ~30 min after the samples were removed from the UHV chamber.
2.2 Reactor-cell Design

Electrochemical experiments were performed using a custom micro-reactor in a two-
electrode configuration [18], as shown in Figure 2a, connected to a potentiostat (SP-200,
BioLogic). A @1 mm Pt wire served as both the counter electrode (CE) and the pseudo-reference
electrode, and SLG/CuNPs served as the working electrode (WE). The electrolyte is enclosed in
a polyether ether ketone (PEEK) housing, and sealed with the SiNx grid (23 mm) sandwiched
between a perfluoroelastomer O-ring and stainless steel lid, which has a 2 mm aperture. We
used a mildly alkaline aqueous NaOH solution (10% M) as electrolyte. To characterize the
electrochemical behavior in this cell, we performed CV measurements with a scan-rate of 0.02
V/sec (Figure 2b). As a two-electrode system is used instead of three electrodes due to geometric
restrictions, we cannot compare the exact positions of the oxidation and reduction peaks of Cu
with those published in the literature. Nevertheless, they can be definitively assigned on the CV
curve as shown in Figure 2b. As-prepared Cu is initially oxidized due to ~30 min storage in air,

and it goes through a two-step reduction process during the cathodic scans: CuO + ¥2H,O + e™—
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15Cu20 + OH™ and %2Cu20 + e~ + ¥2H,0 — Cu + OH™, while the reverse oxidation process takes

place during the anodic scans [31-33]. Importantly, the Cu(Il) oxidation state obtained at anodic
potentials is likely a mixture of CuO and Cu(OH)2 [34-35]. The assignment of the peaks to Cu
electrochemical processes is confirmed by comparing CV data obtained with SLG/CuNPs as the
WE to those using bare SLG as the WE for which no such redox peaks are observed in the same
bias range (Figure S2). Moreover, the current is three orders of magnitude lower for bare SLG
compared to SLG/CuNPs (pA vs. nA) (Figures S2 and 2b). It should be noted that the surface
area of the Cu is three orders of magnitude lower than the surface area of Pt in our configuration.
This corresponds to a current density of the redox peaks in the range of mA/cm: for Cu and
pnA/cm; for Pt. Although a 3-electrode configuration would be preferable this is challenging
within the geometric constraints of the cell. However additional 3-electrode measurements
(Figure S3) using performed using electrodes with similar surface area ratios, and a Ag/AgCl
(3M KCl) reference electrode (RE), confirm that the current density passing through the CE is
low enough that positions of the main Cu features with respect to the CE remain within 0.1 V of
those measured with respect to the RE. The stability of the peak positions in the voltammogram
of Figure 2b confirms the stability of peak positions over repeated cycles further confirming the

suitability of the micro-reactor for electrochemical studies.
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Figure 2. (a) Schematic of the electrochemical micro-reactor for in-situ KPFM measurements. ®
indicates the oscillating cantilever. Orange circles represent the Cu NPs underneath the SLG
layer. Vwe and VcE are potentials on the working and counter electrodes, which are connected to
a potentiostat. Vpa is the measured contact potential difference between AFM tip and surface. (b)
CV measurements performed with this cell. Blue curve shows the last cycle out of 5 cycles.
Oxidation and reduction peaks in the CV are indicated on the graph, with proposed reactions
from the literature [31-35]. Collection of CV data started ~30 min after the sample was removed

from a UHV chamber.

2.3 Characterization Methods

In-situ KPFM experiments were performed with an NTEGRA Smena AFM (NT-MDT,
Russia) using amplitude modulation (AM). We employed a two-pass scanning mode: topography
and phase signals were recorded in the first scan, followed by a 10-14 nm lift of the tip for
recording the Kelvin signal in the second scan. A setpoint oscillation amplitude (Asp) of around
80-90% of the free oscillation amplitude (Ao = 50-75 nm) was used in order to get distinct phase
contrast. The Kelvin controller cancels electrostatic forces by adjusting the tip bias voltage (Vac)
to return a signal equal to the contact potential difference (CPD) between the tip and the sample.
The regions between the circular suspended-SLG regions, where SLG rests directly on the Au-
coated grid are not exposed to the solution and hence are not expected to be affected by changes
in applied electrochemical potential. Since the KPFM signal represents the CPD between tip and
surface, variation of the WF of suspended-SLG regions is monitored with reference to those
supported regions, and is referred to as CPD contrast (ACPD) throughout the rest of the

manuscript. A brighter CPD contrast corresponds to a lower local WF.
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SEM imaging was performed using a Zeiss GeminiSEM 500 high-resolution microscope.
The images were acquired at 5 kV landing voltage with the InLens detector (secondary electron
detection) and the STEM detector (transmitted electron detection) in bright-field and high angle
annular dark-field modes. Transmission electron microscopy (TEM) measurements were
performed with a Talos F200X microscope equipped with Super-X energy-dispersive X-ray

spectroscopy (EDS) detector. The images were acquired at an electron energy of 200 keV.

3. RESULTS AND DISCUSSION

3.1 Interfacial stability issues

In air

We start our analysis by discussing the oxidation state of the Cu NPs in ambient air
conditions, as the oxidation state could both influence the charge-transfer between the SLG and
NPs and enhance/enable intercalation of water at the Cu-SLG interface. XPS of the Cu 2p region
(Figure S1) suggests that after annealing in UHV the Cu NPs are either in the form of Cu’, Cu.0,
or a mixture of these two oxidation states, which is difficult to distinguish as the main features
have similar binding energies [17,36]. The intensity in the O 1s and Cu LMM regions is not high
enough in this instance to differentiate between these two oxidation states. Reduction of CuO
into Cu20 upon annealing in UHV has been reported both in our previous work and by others
[17,37-38]. The samples for KPFM measurements were exposed to air for around 30 minutes
after the UHV-annealing, which likely leads to oxidation of the Cu NPs. In earlier studies on Cu
thin films, it was found that CuO builds up only on the uppermost layer (around 1.3 nm) directly
exposed to air for 2 days, with Cu0O (around 2 nm) forming below this. [39]. In the current

study, the side of the Cu NP clusters attached to SLG may have less direct exposure to air,
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however diffusion of oxygen species is still expected through atomic-scale defects in the SLG
[30].

In order to monitor the corrosion process taking place in air, we performed EDS analysis on
the Cu NPs after 2 days and 30 days of exposure to air. Figure 3 shows the bright-field STEM
images and the EDS maps of Cu (yellow) and oxygen (red). On larger NPs (2>10 nm), the
oxygen signal is higher at the NP edges compared to their cores after 2 days of storage, whereas
a more homogenous distribution is observed after 30 days of storage. To roughly quantify this
difference, we performed a statistical analysis on the Cu:O ratio of 20 different NPs in both
conditions. After two days of storage in air, the Cu:O ratio is 1.4+0.4 for the shell (we define the
shell as the outer 2.5 nm thick layer) and 3.2+0.7 for the core of the NPs. For the set of NPs
stored 30 days in air, we obtained a Cu:O ratio of 0.7£0.1 for the shell and 1.2+0.2 for the core.
These ratios are underestimations for the core of the particles, because it is a transmission
measurement that also includes shell regions with higher amount of O. They are also
underestimations for the shell of the particle, because the surface of the particles are likely
covered with hydroxyls due to storage in air. Moreover, SLG defects are functionalized with
oxygen (Figure S1), which results in additional underestimation of the Cu:O ratio both for the
core and the shell of the NPs. Nevertheless, we can conclude that after 2 days the shell is a
mixture of Cu20 and CuO and the core is a mixture of Cu20 and Cu. After 30 days, the core is a
mixture of Cu20 and CuO and the shell is largely CuO. In terms of morphology and particle size
distribution, there is no noticeable difference in the bright-field STEM images between the top
and bottom set of images in Figure 3, suggesting that corrosion in air did not result in any

stability issues that lead to significant material loss or agglomeration.
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after 2 days

after 30 days

Figure 3. Bright-field STEM images and EDS analysis on one of the prepared samples after two
days (top set of images) and thirty days (bottom set of images) of exposure to air. In EDS maps,

Cu is yellow and oxygen is red. The scales in the lower row are the same as in the upper row.

In alkaline solution under electrochemical control

Oxidation and corrosion of Cu NPs in an electrolytic cell will differ from that of a galvanic
cell, as Faradaic reactions are not spontaneous but driven by an applied potential. Harsher

conditions are therefore accessible that could lead to interfacial stability issues.

Ex-situ SEM images provide evidence for changes in the morphology of Cu NP clusters
associated with material loss in the NaOH electrolyte at constant-potential. Figure 4a shows a
SEM image of the Cu NP clusters acquired after ~10 hours of KPFM measurements at various
electrochemical potentials (shown later in Figure 6c). Compared to the initial morphology
(Figure 1b), the coverage of Cu NPs on SLG is lower after the experiments (Figure 4a). This is
also the case for Cu NPs that had a higher initial coverage due to more Cu deposition (i.e., larger
as a sintered cluster, Figure 4b). The Cu NP clusters also appear porous in both Figures 4a and

4b. In Figure 4b, some of Cu NP clusters appear unchanged (marked with yellow arrows), which
13



suggests that they either had no contact with the electrolyte solution during the experiments or
they were electrically isolated from the SLG already before the experiments. The former is
considered more likely, as: (i) we do not observe CPD variations between the different circular
regions in dry conditions for this sample, suggesting similar interfacial charge exchange between
Cu and SLG for each region (explained in detail in Section 3.2). (ii) some of the circular regions
do not show significant changes in CPD with potential under electrochemical control. After the
CV experiments shown in Figure 2b, which require much less time, we did not observe such
major changes in the morphology of the Cu NP clusters (Figure S4). Lack of material loss during
CV explains the minimal difference in the intensity of the redox peaks in Figure 2b after the first
cycle. We can thus conclude that Cu NPs are stable on SLG for a short period at high [Vwe vs
Vcgl, but not for longer exposure. In the SEM images in Figure 4b, we also observe rupturing of

SLG (marked with blue arrows), which is not typically observed for bare SLG [18].
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Figure 4. Ex-situ SEM images collected with a bright-field STEM detector. (a and b) Images
after experiments with various constant-potentials ranging from -1 V to 1 V; (a) the sample used
in main KPFM experiments shown in Figure S5, (b) the sample used in test KPFM experiments
shown in Figure S6. Note that not all the circular regions fully respond to the applied potential
for (b) during KPFM imaging. (c) After 3 hours at 1 V vs Vcg, and (d) after 3 hours at -1 V vs
Vce. Yellow arrows in (b) indicate Cu NP clusters that were not affected due to lack of contact

with the liquid. Blue arrows in (b) show ruptured areas in SLG.

In order to rationalize the cause of material loss during our experiments, we performed test
experiments, in which two different samples were kept at a potential of 1 V and -1 V (vs Vcg) for
3 hours after one cleaning cycle, shown in Figures 4c and 4d. These images clearly indicate that
the changes in the morphology of Cu NP clusters associated with material loss occurs under

oxidizing, but not reducing conditions.

The loss of Cu can be rationalized by two alternative phenomena: First, it could be due to
the formation and dissolution of Cu(OH);  at around O V vs the standard hydrogen electrode
(SHE), as suggested by the Pourbaix diagrams at room temperature in ref. [41]. However, this is
expected to play only a minor role, as solid CuO or Cu(OH): formation is preferred over the
formation of Cu(OH); ions at anodic potentials. Secondly, formation of an oxide at the SLG-Cu
interface may not just relate to electronic decoupling of Cu from SLG, but also detachment
associated with intercalation of water at the interface. In order to confirm that detachment of NPs

is indeed the reason behind material loss, we prepared another sample with 1 nm Cu covering an
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Au surface and kept it at 1 V (vs Vcg) for 3 hours. Unlike Cu NPs supported on SLG, Cu NPs on

Au remained intact, as confirmed with EDS analysis.

These results suggest that Cu NPs supported on SLG detach from SLG at anodic potentials,
under which full oxidation occurs. At such potentials, graphene can become hydrophilic for two
reasons: it is oxidized to form graphene oxide (which we confirm by Raman spectroscopy) and it
is polarized due to electronic doping [18]. We therefore rationalize the detachment of NPs
directly due to the intercalation of water at the CuO-SLG interface, enabled by the strong electro-
wetting of graphene. No detachment of NPs takes place in air at the same CuO-SLG interface (in
air the Cu surface is oxidized due to galvanic corrosion as discussed above), as SLG is
hydrophobic in air [42]. The fact that no loss of Cu is observed at negative potentials can be
explained by a lesser degree of hydrophilicity and electro-wetting compared to positive
potentials: Graphene oxide is reduced to reduced graphene oxide' at such potentials [18], which
is less hydrophilic than graphene oxide. Non-functionalized sites of graphene are also less
hydrophilic under negative polarization compared to positive polarization [18]. Therefore, water
intercalation is less likely to take place at cathodic potentials. In addition, metallic Cu couples
more strongly to graphene than oxidized Cu [24-25], which also makes water intercalation less

likely at cathodic potentials.

We note the observed detachment at positive potentials does not reflect on the validity of
applying this approach to studies on Cu-catalyzed CO> reduction, which takes place at cathodic
potentials [43]. However, at negative potentials localized tearing of the SLG is observed, as seen
in Figure 4d for a sample held at -1 V (vs Vcg). This could be due to the mechanical stress

caused by the accumulation of evolved hydrogen gas (Figure S7), but interestingly no such
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rupture is seen for a sample held at 1 V (vs Vcg) indicating SLG oxidation or accumulation of

oxygen gas do not cause rupture (see Figure 4c).

TEM-EDS analysis was performed on most of the samples that were treated under various
electrochemical conditions in this work. Traces of Pt, which have been reported as a potential

problem in previous work [44-45], were not observed on any of our WEs.

3.2 Electronic Interaction between SLG and Cu NPs
In air

Figure 5 shows KPFM measurements performed on a test sample, after roughly 30 min
exposure to air. During the preparation of this sample, half of the sample was shadowed during
Cu deposition whereas the other half remained exposed. As the reference is the same SLG/Au in
both cases, we can directly compare the CPD of the suspended regions with and without Cu
deposition. On the unexposed half of the sample, the CPD is brighter (higher) for the suspended
regions with ACPD = 0-20 mV. This can be rationalized by noting that Au is a noble metal with a
filled outer d-shell, and thus does not strongly hybridize with graphene and disrupt its linear nt-
band dispersion but instead dopes it through charge transfer [46]. Given the higher WF of Au,
electrons are removed from the SLG shifting its Fermi energy (Er) towards the valence band and

resulting in a higher WF relative to suspended SLG.
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without Cu NPs  with Cu NPs

Topography

Figure 5. Topography and CPD images of the samples. The presence of Cu NPs (their surface is
in the CuxO (1=<x<2) oxidation state) behind the SLG inverts the CPD contrast. Measurements
were performed with the same tip and the same grid, with images on the left (no Cu) and right
(with Cu) columns representing regions shadowed and exposed during the evaporation,

respectively. The sample was exposed to air for ~30 min prior to imaging.

On the half of the sample exposed to Cu, the presence of the Cu NP clusters behind the SLG
reduces the CPD below that of the SLG/Au regions, i.e., SLG/CuNPs regions show a ACPD = -
30 mV. Thus, overall Cu deposition results in a decrease of the CPD of SLG suspended in air by
30-50 mV. This implies that the Cu NPs cause the Er to move further towards the valence band
resulting in a higher WF than SLG/Au. This is contrary to what is expected for metallic NPs

since Cu was reported to introduce electron doping in graphene [46-48]. Since metallic NPs have
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even lower WF than the equivalent semi-infinite surfaces, they should induce even higher levels
of electron doping [47,49]. Exposure to air directly or at the SLG interface through defects thus
seems to oxidize the NP surfaces. This is in agreement with a report that the WF of SLG is
elevated by contacting to oxidized Cu [47]. Assuming Cu;0 formation at the interface between
Cu and SLG, the observed shift in the Er can be rationalized based on electron transfer from
SLG to Cu20, in line with its p-type semiconducting nature [50-51]. CuO is also a p-type
semiconducting oxide [52], but as mentioned earlier, its formation could electrically decouple the
NPs from SLG, i.e., the shift in SLG WF should be smaller. We can thus consider the surface of
the Cu NPs as CuxO (1<x<2) prior to redox reactions, where electrical interaction with the SLG

results in hole doping.

It is also instructive to consider the physical phenomena that are probed by KPFM
measurements. In the case of a metal, KPFM measures the true WF of the material, that is, the
chemical potential of an electron in the bulk increased by the surface dipole layer. Once graphene
weakly adsorbs on a metal surface, it modifies the surface dipole layer due to charge exchange at
the interface, and thereby modifies the metal WE. The surface dipole layer of the metal altered by
the charge transfer can also be considered as graphene that is doped by an underlying metal
through charge transfer. Both yield the same WF of the graphene/metal system as measured
above the surface, for instance by KPFM or other techniques. The situation is somewhat altered
for graphene covering a dielectric and/or semiconductor substrate. Although the graphene can be
doped by charge transfer from the underlying substrate, the KPFM signal, which is dependent on
the capacitance between tip and surface, detects the overall capacitance extending several nm
below the surface. [53-54]. In the present case, the capacitance of the NPs contribute to the
signal in the form [Ciip-surface™CNP] / [Cuip-surface+Cnp]. Since both the average tip-sample distance
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is larger than the thickness of the NPs, and the permittivity of copper oxides is much higher than
that of air, Cnp is relatively large and the expression becomes almost equal to Cip-surface. Thus,
any contribution due to capacitance of the NPs can be ignored, and KPFM measures the

changing WF of SLG due to charge exchange at the contact.

In alkaline solution under electrochemical control

Further KPFM experiments were performed on these Cu-decorated samples using the micro-
reactor shown in Figure 2a filled with an aqueous 10* M NaOH solution. The initial Vwg (vs
Vce) was set to 0 V, then decreased to -1 V in discrete potential steps, holding several minutes
for measurement at each setting, followed by increasing to +1 V, and then back down to -0.8 V.
KPFM images were acquired under constant-potential conditions (the full set of KPFM images is
shown in Figure S5). Representative topography and CPD images at +0.4 V and -0.4 V are
shown in Figures 6a and 6b, respectively. Here, two different phenomena occur in concert: 1)
doping of SLG due to the applied potential, and 2) change of oxidation state of Cu, which

changes the contact doping of SLG.

It is not straightforward to disentangle these two phenomena without reference experiments
on bare SLG. Our previous study provides such a reference [18], showing that the behavior can
be rationalized by a simple electronic doping (electrochemical gating) model: SLG is doped by
electrons at relatively positive potentials and by holes at relatively negative potentials, which is
expressed in the WF of suspended SLG. This is called chemical capacitance because it is related
to the chemical potential of SLG's electrons, and it is in parallel to the geometrical capacitance of
the EDL. Some small deviations from this electronic model appear at higher positive and

negative voltages where the oxygen evolution reaction (OER) and hydrogen evolution reaction
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(HER) take place, which electrochemically dopes graphene in a manner that counteracts the
electronic doping. Importantly, graphene is functionalized with oxygen at high anodic potentials
close to 1 V. Another point of reference is the CV curves in Figure 2b, which show that oxidation
and reduction of Cu take place below 0 V (vs Vcg). The two measurements are different; KPFM
measurements capture the steady-state conditions that are established a few minutes after the
potential is applied, whereas the electrode-electrolyte interface is not at steady-state during the
CV measurements. Moreover, CV measurements require current flow through the solution and
through the SLG/Au electrode, whereas KPFM measurements are just a static measure of the

state of the system.

21



(a) +0.4 V (b) -0.4 V

Topography

(m)
o
(&)
40
(C) —e— 1% sweep
nd
0L —eo— 2™ sweep
; cu’ —o— 3% sweep
S | e
E o \i\ o
Rl /O(.
[m] ~; ¢
o 20} \f LG,
<]
40} \i
¢
_60 1 1 1 1 1
-1.2 -0.8 -04 0.0 04 0.8 1.2

Ve V8 Vg, (V)

Figure 6. In-situ KPFM images under electrochemical reaction conditions: Topography (upper)
and CPD (lower) images at (a) +0.4 V (vs Vcg) and (b) -0.4 V (vs VcE) acquired during the 3™
sweep. The contrast inversion in CPD images occurs with no evident change in topography. (c)
Variations in ACPD as a function of the working electrode potential measured using KPFM.
Error bars are calculated using Student's t-distribution with a sample size of 7 to 9, i.e., number

of circular regions inside the imaged frame. 1*' and 3™ "sweeps" are measurements at constant-
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potentials with decreasing Vwe vs Vce between subsequent conditions. 2" "sweep” is with

increasing Vwe vs Vce between subsequent conditions.

Figure 6¢ summarizes the data of Figure S5 by plotting ACPD as a function of cell potential
(Vwe-Vci). The AWF of SLG can have contributions from both the charge-carrier doping from
the applied potential, and contact doping from Cu NPs that change between metallic and
oxidized forms as the potential changes. For bare SLG, ACPD shows a quasi-linear trend
between -1 V and 1 V at 10* M NaOH, as doping from the applied potential is the dominant
mechanism [18]. For the CuNP-decorated sample, a similar quasi-linear behavior is observed
only above ~-0.3 V (vs Vcg, Figure 6¢). Below this potential, there is an inflection point and the
slope of the trend-line becomes much smaller. A uniform metal with a sufficient thickness has a
high density of electronic states and does not undergo band-filling / band-emptying with applied
potential; thus, a constant WF should be expected for a perfect metal. Therefore, the electrolyte
potential is completely dropped across the geometrical capacitance formed by the EDL. This
indicates that below ~-0.3 V (vs Vcg), ACPD is simply a measure of the WF difference between
SLG in contact with a metallic Cu NP cluster and SLG supported on an Au thin film,

independent of the applied potential.

Above ~-0.3 eV (vs Vcg), ACPD scales with applied potential almost linearly. For bare SLG,
such a behavior can be explained by the bias-dependent electronic doping of graphene [18]. The
presence of oxidized NPs does not change this trend due to their semiconducting nature.
Electrical contact between the Cu NP clusters and SLG, however, is not lost, as the presence of
Cu NP clusters still offsets the SLG WF a few tens of meV due to charge-transfer at the contact.

Given the correspondence between adhesion and electronic interaction, we suggest that the NPs
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that undergo a complete loss of electrical contact with SLG are those that are also physically
detached, and hence contribute to the observed material loss. Remarkably, the effect of material
loss on the SLG WF is negligibly small, as the first and third sweeps show similar behavior
(Figure 6¢). This in turn suggests that the remaining Cu NPs (Figure 4a) are sufficient to screen
the electrolyte potential when they are metallic at cathodic potentials, i.e., SLG does not undergo
band-filling / band-emptying. We note that the analysis in Figure 6c¢ is from the central 2200 nm
region, where the remaining Cu NPs are situated. We also note that the difference between CuxO
and CuO cannot be distinguished through our measurements here, as a potentially small
difference in their hole doping to SLG is overshadowed by the electrochemical gating of

graphene.

4. CONCLUSIONS

We present a novel approach for probing NPs under constant-potential electrochemical
reaction conditions with KPFM, facilitated by employing a specially designed graphene-capped
electrochemical micro-reactor. Our micro-reactor can also be used to conduct conventional
electrochemistry experiments such as CV, or ex-situ characterization like SEM and TEM
imaging. With this approach, we studied the long-term stability of Cu NPs attached to SLG in air,
and the stability of the same NPs under electrochemical reaction conditions in an alkaline
medium. Initially the surface, and gradually the bulk of the Cu NPs undergo oxidation in ambient
air, which we believe to be related to the well-established galvanic corrosion. This, however, is

not detrimental as there is no material loss.

We chose a well-known reaction, oxidation and reduction of Cu nanoparticles in an aqueous

alkaline solution, as our model electrochemical study. Changes in the oxidation state of Cu are
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reflected in the CPD images. Under oxidizing conditions, the CPD trend (as a function of bias)
shows a similar behavior to that of bare SLG, which is due to incomplete screening of the
electrolyte potential. Under reducing conditions, the CPD is only marginally sensitive to the
electrolyte potential, due to screening by the metallic NPs. An important outcome is the
detachment of the NPs induced by water intercalation at the weakly interacting CuO-SLG
interface, which is enabled by hydrophilicity of SLG at positive potentials. However, we do not
observe this adherence problem during faster experiments such as electrochemical cycling, or at
negative potentials. Since CO: reduction is performed at cathodic conditions where Cu is
metallic, and electrochemical cleaning cycles can be rapidly performed, we expect this approach

can be extended to the study of Cu as a CO; reduction electrocatalyst.

This study thus shows that the graphene-capping approach can be applied for characterizing
transition metal / transition metal oxides under electrochemical control, and serves as a
benchmark for further studies on more complex reactions where transition metals are used as

electrocatalysts.
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