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Abstract

Studies of the electrified solid-liquid interfaces are crucial for understanding of the biological and 

electrochemical systems. Until recently, the use of photoemission electron microscopy (PEEM) for 

such purposes has been hampered by the incompatibility of the liquid samples with ultrahigh 

vacuum environment of the electron optics and detector. Here we demonstrate that the use of ultra-

thin electron transparent graphene membranes, which can sustain large pressure differentials and 

act as a working electrode, makes it possible to probe electrochemical reactions in operando in 

liquid environments with PEEM.
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The processes at solid-liquid interfaces are of crucial importance in environmental and bio-

medical sciences, energy conversion and storage, corrosion, plasmonics and catalysis. From 

the electrochemical point of view, the interface between the electrode and electrolyte 

determines properties of an electrochemical device and its behavior, i.e. its performance and 

durability. Even though these interfaces have been studied for two centuries now, several 

new techniques have emerged in the last decades to clarify their fundamental properties1. 

Ambient pressure photoelectron spectroscopy2 has just recently been employed to directly 

probe the potential and chemical profiles in an electrical double layer with sub-nanometer 

depth resolution.3-5 Photoemission electron microscopy (PEEM) is a well-established and 

powerful technique with an irreplaceable position in the fields of surface chemistry, micro-

magnetism, ferroelectrics, multi-ferroics and other disciplines, where spatially resolved 

chemical, electrical, and magnetic information is of essence6. Until recently, PEEM was 

excluded from studies of solid-liquid interfaces due to major instrumental and experimental 

difficulties to implement the common differential pumping approach 78. Earlier attempts to 

investigate the solid-liquid interfaces in PEEM utilized thin silicon nitride films to isolate 

liquid inside the cell, and the PEEM measurements were built to operate in the transmission 

mode.9,10 Consequently, they suffered from a limited spectroscopic window and were 

yielding X-ray absorption (XAS) of the bulk rather than probing the solid-liquid interface. 

One of the ways to overcome these problems in photoemission spec-tromicroscopy is to 

build a liquid cell capped with an electron transparent molecularly impermeable membrane.
11 First successful imaging of a liquid and solid-liquid interface in PEEM was demonstrated 

by the same group just recently.12 Here, we advance this work to the next level by adding the 

electrical contacts to the cell, which opens yet another possibility – in operando 
electrochemistry of liquids in PEEM.

The multi-channel array (MCA) liquid sample platform12 is a 500 μm thick glass substrate 

with thousands of ordered channels with a diameter of 5 μm. The front (imaging) and back 

sides of the MCA were coated with thin gold and platinum films (40 nm), respectively, 

penetrating ≈ 3 μm (Au) and ≈ 200 μm (Pt) deep into the channels. The MCA samples were 

filled with 0.1-0.5 mol/L solution of CuSO4 balanced with 0.1 mol/L of H2SO4. The 

electrolyte concentration was preserved within 30 % of its nominal value within the 

channels. We note however that subsequent slow leakage of water into the chamber vacuum 

and X-ray induced radiolysis may alter the electrolyte composition13. A bilayer graphene 

membrane adhered to the gold coating served as a working electrode (WE), (see Fig. 1a). 

The Pt coating served as the counter (CE) and the pseudo-reference electrodes. The potential 

Nemšák et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2018 December 20.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



window (±1 V vs. Pt) was chosen to minimize electrodeposition of copper and avoid water 

electrolysis.

The aberration-corrected photoemission microscope was operated using an extractor voltage 

of −6 kV and collecting secondary electrons in a partial electron yield mode with a 

bandwidth of ≈10 eV. In-situ electrochemical cycling of the liquid cell was performed by a 

remotely controlled potentiostat with ≈10 pA resolution. The top graphene electrode of the 

cell was connected to the sample “ground” potential of the microscope, the potentiostat 

applied a voltage bias to the bottom Pt counter electrode. The time resolution of the 

experiment is only limited by the CCD camera read-out and signal/noise ratio of the 

collected images; in experimental setup used it can reach 10 Hz.

We employed UE56/1-SGM soft X-ray beamline of the BESSY-II synchrotron for this study. 

A schematic of the experiment is shown in Figure 1a. X-ray absorption edges used for a 

chemical analysis were oxygen K-edge at ≈530 eV and copper L-edge at ≈930 eV. The 

overall energy resolution was 300 meV at oxygen K-edge and 550 meV at copper L-edge. 

More details on the experimental setup, energy calibration and methods used can be found in 

the Methods section of the supporting information file (SI).

Figure 1b shows copper L3-edge XAS spectra averaged over the central part of one of the 

electrolyte-filled channels. Based on prior research14-16, the spectra feature two peaks at 

930.8 eV and 932.5 eV that can be assigned to bivalent and monovalent copper ions, or 

metallic copper. However, copper ions in different chemical surroundings (hydrated vs. 

anhydrous, surface-adsorbed vs. free ions) may have absorption spectra shifted relative to 

each other. To account for these possibilities, we performed comparative XAS study for 

solid CuO and Cu2O,14-16 as well as for hydrous and anhydrous CuSO4
17 (see SI, Fig. S1). 

The XAS spectra of cuprous oxide and metallic copper have very close main edge peaks, but 

they can be discriminated based on the shape of the Cu° spectrum, which contains an 

extended post-edge band consisting of several secondary peaks forming an oscillatory 

structure of transitions into a continuum of unoccupied states. The Cu2O spectrum has only 

a very weakly-defined post-edge tail (see SI). Since the peaks in Figure 1b do not have 

extended post edge structure we may assign them to Cu+, or Cu2+, not metallic copper. 

Moreover, these spectra were collected from the central part of the graphene membrane, 

where copper nucleation is hampered (see discussion below) and where we don’t expect a 

pronounced electrodeposition of metallic copper. Comparison of the spectra of solid 

anhydrous copper (II) sulfate and its pentahydrate shows that hydration does not appreciably 

shift the Cu-L3 edge absorption. All these support the assignment of the 930.8 eV peak to 

Cu2+ and the 932.5 eV one to Cu+ ions in solution.

Variation of the WE potential leads to redistribution of peak intensities and a systematic shift 

of the Cu+ peak position (Fig. 1b). An increase of the potential from 0 V to 1 V significantly 

reduces the bivalent peak, whereas a subsequent decrease in potential back to 0 V and, 

further, to −1 V, enhances it and suppresses the Cu2+ signal. This process is shown more 

quantitatively in Figure 1c, which plots areas of the individual fitted peaks normalized to the 

total spectral area. The presented data, thus, reflect the ratio of Cu2+/Cu+ concentrations 

within the probing depth of PEEM – several molecular layers deep beneath the graphene 
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membrane, since the information depth of X-ray absorption measured via partial/total 

electron yield is on the order of a few nm. Originally (although after several forming 

voltammetric cycles), the Cu2+ fraction is ≈ 60 %. It rapidly increases with positive applied 

voltage, at the expense of monovalent copper, reaching 84 % at +1 V, and then decreases to 

≈ 50 % on potential reversal back to 0 V. In the cathodic region, the fraction of bivalent 

copper remains nearly unchanged.

In order to observe the electrochemically induced changes with higher potential resolution, 

the excitation photon energy was locked at the Cu2+ L3-edge (931 eV) and PEEM imaging 

of a new sample region was performed as 3 voltammetric cycles were sequentially recorded. 

The obtained 3-dimensional da-taset (partial electron yield intensity at the Cu2+ peak I as a 

function of time and x-y spatial position) cannot be directly visualized in printed form. 

Therefore, it was unmixed into two components, using the Bayesian Linear Unmixing 

algorithm (BLU).18,19 The BLU method splits the PEEM dataset into a linear combination 

of user-defined number of position-independent spectral components (endmembers - S) and 

corresponding abundance maps (A), simultaneously filtering out noise (N): I(x,y,t) = S(t)
·A(x,y)+N. Spectral endmembers can be functions of time or energy, depending on the 

original dataset configuration. For detailed description of BLU, see Ref.19

Figure 2 shows abundance maps of the electrochemically active component (2a) and 

background (not active) component (2d) obtained by BLU-treating the temporal PEEM 

dataset recorded at the photon energy of 931 eV. The background component is due to the 

detector aperture (the red frame) and empty MCA channels. The electrochemically active 

component is localized in several electrolyte-filled cells (small red circles in the upper right 

of Fig. 2a). The background spectrum (Fig. 2e) has a low intensity, which does not vary with 

time (and voltage). On the contrary, the electrochemical component temporal spectrum has 

an order of magnitude higher intensity and exhibits a strong correlation with the WE 

potential. Similar to Figure 1c, we observe a 3 % increase of the Cu2+ signal at the positive 

potential. The same temporal spectral endmembers are plotted in Figure 2c and 2f against 

potential and compared to the cyclic voltammograms (CV) recorded for the whole device. 

The onset of a rapid increase in the PEEM intensity of the electrochemical endmember 

coincides with the initial current rise of the anodic CV peak. The cathodic CV peak is not 

correlated to the endmember, whose intensity is constant in the negative potential region.

A Cu L3-edge spectral PEEM imaging dataset of the same region recorded prior to voltage 

cycling was BLU-unmixed into two components shown in Figure 2g-j. Again, the 

background abundance map (Fig. 2i) highlights the detector aperture and empty channels, 

and its endmember (Fig. 2j) is featureless. The electrolyte component abundance map (Fig. 

2g) shows a bright yellow pattern, where the solution-filled channels cluster, and a part of 

the MCA frame, where the solution is trapped at the interface between the graphene and 

gold coating, which increases the electron yield. The corresponding endmember energy 

spectrum (Fig. 2h) comprises one peak around 931 eV with a shoulder at higher photon 

energy side, which can be identified as weakly-resolved bi- and monovalent copper peaks 

similar to those present in the Figure 1b spectra, however in this case present in a large 

number of channels, comparing to the single channel analysis in Fig. 1b and 1c.
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The presented observations can be interpreted in the light of the well-studied copper 

electroplating process. In general, copper reduction proceeds in two Marcus steps:20

(1)

(2)

In non-complexing media, such as sulfuric acid, the rates of the two steps are incomparable, 

and the Cu+ ion, being thermodynamically unstable,21 becomes undetectable by standard 

CV methods. However, more sophisticated techniques, such as rotating disk-ring electrode, 

allow direct measurement of the Cu+ concentration at a given electrode potential.22 In 

addition, it is known that trace (parts per million) amounts of Cl− and sulfide-containing 

contaminants can stabilize monova-lent copper and leave a footprint in the CV in the form of 

a small pre-deposition peak.22,23 The main cathodic and anodic peaks of the recorded 

voltammograms of Figure 2c and 2f are separated by about 0.6 V. This fact and other 

measurements (see SI) allows identifying them as arising from the reversible copper 

deposition and electroplating processes, notwithstanding the absence of a true reference 

electrode in our setup (presumably, the Pt CE gets copper plated over several CV cycles, and 

this Cu plating serves as a pseudo-reference electrode). The peaks’ broadness implies 

contributions from both reactions (1) and (2). Note, that electrodeposition (Eq. 2) necessarily 

proceeds via a nucleation step, and thus its rate depends on the electrode material. In our 

setup, copper nucleation is hampered on the high-quality graphene membranes, and in the 

potential range ±1 V mostly happens on the MCA channel’s periphery, specifically on the 

gold-coated walls (see Fig. S1c,d in SI).24 On the other hand, reduction reaction (1) takes 

place on the whole available surface area of the WE, and graphene facilitates homogeneous 

electrochemical reduction reactions as compared to graphite.25 Thus, we can conclude that 

the concentration of Cu+ beneath the graphene membrane can be high enough for direct 

spectroscopic detection due to low nucleation rate and possible influence of contaminants. In 

addition, it has been previously shown,26 that during reduction of Cu2+ in acidic solutions 

containing sulfate ions, 13 to 24 monolayers of monovalent copper ions can get adsorbed on 

a glassy carbon electrode. Taking into account that the PEEM probing depth is on the same 

length-scale, the observed high Cu+/Cu2+ ratio (Fig. 1c) not found in bulk sulfate solutions 

is not surprising. The similar observations but different interpretations have been reported 

very recently27,28 indicating that further studies of this system are necessary.

The accumulation of monovalent copper ions by the graphene electrode should lead to a 

concomitant decrease in water and sulfate ion coverage. This process can be probed by 

further looking at the oxygen K-edge PEEM data.Figure 3a-f presents a BLU treatment of a 

spectral intensity vs. time da-taset for a fixed excitation energy of 541 eV (oxygen K-edge) 

for the same sample. As before, the background component (Fig. 3d, e, f) is limited to the 

aperture and empty cells, and is featureless. The electrochemically active component (Fig. 

3b) is present in several electrolyte-filled channels, and its endmember (Fig. 3b and 3c) 

shows a strong (≈ 8.8 %) signal increase at positive potentials. Oxidation of Cu+ ions and 
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product removal from the membrane’s vicinity, as well as adsorption of HSO4
− and SO4

2− 

ions on graphene, must be responsible for the observed correlation. Spectroscopic data 

collected from the same area were unmixed into two components, of which the active one is 

shown in Figures 3g (loading map highlighting electrolyte-filled channels) and 3h 

(corresponding endmember). The spectral endmember shows the main absorption peak at 

≈541 eV, with a pre-edge shoulder by around 1 eV lower. Apart from this peak, all the other 

spectral features are also present in the reference spectrum measured on powdered hydrated 

and anhydrous CuSO4 samples (Fig. 3i).

Another interesting aspect arising from the voltammetry measurements is the correlation 

between the measured PEEM intensity at the O K-edge and the total amount of charge 

passed through the system. Apart from the pronounced oscillatory behavior present in Figure 

3b, the cycle-to-cycle variations exhibit an independent rising trend (see Fig. S5). The 

explanation of these deviations from the perfect oscillatory behavior in both electrical and 

PEEM data can be caused by irreversible adsorption of HSO4
−/SO4

2− ions onto the graphene 

electrode or/and a slow evaporation of the solute causing an increase in the concentration of 

ions. The latter may lead to higher measured currents at the same applied potentials.

To conclude, we demonstrate probing of electrochemical reactions in an aqueous electrolyte 

using PEEM imaging and X-ray absorption spectroscopy. The observed spectroscopic 

signatures near the Cu L3-edge are affected by the WE potential in a way consistent with 

copper (II) ion reduction on the graphene electrode. We show that although the Cu+ ion is 

unstable in non-complexing media in the bulk of solution it can be present at the graphene 

surface, where the PEEM signal originates. The O K-edge response is likewise sensitive to 

gra-phene potential, which may reveal sorption of sulfate ions. We believe, that the use of 

graphene-capped multichannel array platform for PEEM imaging of in-liquid 

electrochemistry coupled with effective data mining algorithms such as BLU and 

combinatorial analysis is suitable for many applications dealing liquid-solid-gas interfacial 

analysis relevant to catalysis, energy, bio-medical research, ultrafast PEEM 

spectromicroscopy29, plasmonics30 and magnetizm31.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) A schematic of the PEEM electrochemical setup; Inset: PEEM image of the graphene 

capped MCA at the O K-edge energy. Electrolyte filled channels appear brighter compare to 

dry ones. (b) Averaged XAS Cu L3-edge spectra (and their Voigt fits) collected from a 

graphene-capped channel filled with 0.1 mol/l CuSO4 solution; spectral peaks reflect 

changes in concentration of the mono and bivalent copper ions just below the graphene 

membrane as a function of its potential; spectra are y-offset for clarity; (c) Normalized area 

of the fitted Cu peaks from (b), plotted against the WE potential; arrows indicate sequence 

of measurements. The error bars represent standard deviations and were calculated as 

specified in the SI.
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Figure 2. 
Copper L3-edge data. Temporal dataset: (a) and (d) are the BLU extracted abundance maps 

of the electrochemically active and background components, respectively; (b) and (e) are the 

corresponding BLU endmember components (PEEM intensity vs. time) plotted together 

with the WE potential variation; (c) and (f) are the same endmembers plotted vs. voltage and 

2.5 cycles of CV’s recorded for the whole sample; the first cycle CV peaks are at 0.25 V and 

−0.53 V, for the second cycle peaks are at 0.28 V and −0.31 V; Spectral dataset: (g) and (i) 

are the BLU extracted abundance maps of a spectral dataset for the copper and background 

components, respectively; (h) and (i) are the corresponding BLU endmember spectra; (k) A 

schematic of the anodic processes on the WE (graphene): copper oxidation and sulfate ion 

adsorption.
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Figure 3. 
Oxygen K-edge data. Temporal dataset: (a) and (d) are the BLU abundance maps of the 

electrochemically active and inert background components, respectively; (b) and (e) are the 

corresponding BLU endmember components (PEEM intensity vs. time) plotted together 

with the WE potential variation; (c) and (f) are the same endmembers plotted vs. voltage and 

2.5 cycles CV’s recorded for the whole sample; the first cycle CV peaks are at 0.32 V and 

−0.41 V, for the second cycle peaks are at 0.33 V and −0.33 V; Spectral dataset: (g) is the 

BLU abundance map of a spectral dataset around oxygen K-edge (for complete BLU of this 

dataset, see SI, Fig. S2); (h) is the corresponding BLU endmember spectrum. (i) Reference 

oxygen K-edge spectra of anhydrous CuSO4 and CuSO4·5H2O powdered samples.
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