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Electron transparent membrane fabrication

Graphene was grown by chemical vapor deposition (CVD), in an Aixtron BM Pro (4 inch) reactor, using 25 pum thick
Cu foil (Alfa Aesar, 99.8%) as the catalyst and CHy (diluted in Ar and H,) as the precursor at 1050°C!'". The CVD
grown graphene is polycrystalline with relatively large grain sizes of ~20um, as confirmed by scanning electron
microscopy (SEM) of a sample for which growth was interrupted prior to complete coverage. A polymer support
(polymethylmethacrylate, 4 wt.% in anisole, 950 k molecular weight) is spin coated onto the surface of the graphene
covered Cu foil, and floated on a 0.05M aqueous solution of (NH4),S,0g to remove the copper foil. The polymer
supported graphene is then rinsed in deionized water and transferred onto another graphene covered Cu foil. This is

dried at ~50 °C for 5 min, floated again on the (NH,4),S,0s solution to remove the Cu, and then rinsed in deionized



water. The polymer supported bilayer graphene (BLG) is lifted onto perforated TEM membranes (PELCO"™ Holey
Silicon Nitride Support Films), consisting of a 200 nm thick Si3Ny layer with a 40 x 40 array of 1 um circular pores at
a 2 pum pitch, with a Cr(3 nm) adhesion layer and Au(30 nm) conductive layer thermally evaporated on top. After
drying, the polymer is then dissolved by immersion in acetone to leave BLG completely covering the array of pores (as
confirmed by SEM and Raman mapping). The presence of tears and holes due to the transfer process is suppressed by
the deposition of the second graphene layer. Figure S1 shows the Raman characterization of such samples including
spatial mapping of the G and 2D band intensities. The presence of the G peak at ~1580 cm™ and 2D peak at ~2700
cm™ across the area of the membrane confirms that complete coverage with BLG is achieved!'”. The presence of only
a small D peak at ~1350 cm™ (<5% of the G peak intensity), confirms the BLG is of high-quality with a low density of
defects in the graphene lattice. The relatively small hole size of 1 um reduces the likelihood of the graphene breaking
during the removal of the support polymer and when maintaining a ~1 bar pressure difference between the liquid and
the vacuum chamber. The use of the Au layer has numerous advantages: Firstly, it enhances the electrical contact to the
electrode. Secondly, it minimizes the intercalation of water between the graphene and the substrate!®'~* due to the

3 in spite of the reported hydrophilicity of UHV-clean gold™®*. Finally, it passivates the Si;N,

[35]

hydrophobicity of gold!

from damage induced by the formation of radicals in the radiolysis process
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Figure S1. (A) Optical image of the BLG coated Si3N, grid. (B) Representative Raman spectrum of BLG suspended
over a hole in the Si;N, grid. (C) G band mapping and (D) 2D band mapping. Raman spectroscopy was performed

using a Renishaw Raman InVia Microscope, with 100x objective and 532 nm excitation.



Figure S2
SEM image of the BLG coated Si3Ny grid, the grid size is 80 um x 80 pm and contains an array of 40 x 40 holes of 1

um diameter.

Electrochemical cell detection tests

Iridium nanoparticles 2-5 nm in size (see TEM measurements in figure S4b) were sputter-deposited on the graphene
layer which was placed on top of a Pd foil (figure S4a) to evaluate the photoelectron transmission of the BLG. The
XPS peaks obtained from the Pd 3p, Ir 4f and Au 4f excitations, with photoelectron kinetic energies of 1000 eV
(Figures S4c and S4d), demonstrate excellent photoelectron transmission through BLG. These measurements were
performed at the ISSIS beamline of BESSY II (Germany). The membrane was subsequently mounted in the liquid cell
and filled with ultrapure MilliQ-water. The liquid flow cell (figure S3) was operated inside a vacuum chamber with a
pressure of ~107 mbar, while aqueous solutions circulated on the back side of the membrane. The cell holds three
electrodes: Pt counter electrode, Ag/AgCl reference electrode and the working electrode is the graphene membrane that
is mounted in the cell using a special sample holder. The main body of the cell is made of PEEK and provides liquid
inlet and outlet. With this setup we can investigate electrochemical reactions using XPS under aqueous conditions (~1
bar), in a flow-through scheme without the need for high kinetic energies of several keV. Iridium nanoparticles were
deposited on the backside of graphene used to test the XPS detection under aqueous conditions. The intensity of the Ir
4f peaks is weak at photoelectron KEs below 500 eV (figure S5a, top curve), but quite intense at higher KE of 950 eV
(figure S5a, bottom curve). This provides a reference for the attenuation of photoelectron intensity through 2 layers of
graphene, which is consistent with reported values of the mean free path for 500eV photoelectrons™®. Subsequently,
the pure water was replaced by a 10 mM KOH solution and the C 1s and K 2p spectra recorded at KEs of 450 eV and
950 eV (figure S5b). The observation of K peaks demonstrates that with this setup we are able to detect ions
concentrations as low as 10 mM. After the measurement, flowing MilliQ-water through the cell again caused the K
XPS signal to disappear, as shown in figure S5b, which confirms that no significant leakage of solution to the vacuum

side of the membrane through potentially defective holes has occurred.
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(A) Sketch of the liquid flow cell with the main body made of PEEK and with a stainless-steel 3 mm diameter wafer

holder. (B) Liquid flow cell cross-section: The blue arrows indicate the electrolyte flow. The cell has three electrodes

counter, working and reference. The working electrode is transferred directly onto the grid.

Figure S4
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(A) Schematic drawing of the grid covered by graphene with sputtered Ir nano-particles on top of a Pd foil. (B) TEM

of the iridium nanoparticles sputtered onto the graphene membrane. Their size ranges from 2-5 nm. The coverage is

approximately 30 % of the total area. (C) Ir 4f XP spectra of the nanoparticles sputtered on the graphene membrane

and the (D) Pd 3p of a palladium foil located underneath (spectra were recorded at 1000 eV KE).
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Figure S5

(A) XP spectra of Iridium nanoparticles deposited on the solution side of the graphene membrane. Ir 4f peaks with 950
eV and 450 eV KE are shown in the presence of deionised water. Notice the higher attenuation of the low kinetic
energy peaks (B) C 1s and K 2p spectra in 10 mM KOH (red 450 eV and black 950 eV KEs curves) and in deionized
water (blue curve at 1000 eV KE).

References:

[1] J. Chow, R. J. Kopp, P. R. Portney, Science 2003, 302(5650), 1528-1531.

[2] M. G Walter, E. L. Warren, J. R. McKone, S. W. Boettcher, Q. Mi, E. A. Santori, N. S. Lewis,
Chem. Rev. 2010, 110(11), 6446-6473.

[3] a) K. Gong, F. Du, Z. Xia, M. Durstock, L. Dai, Science 2009, 323(5915), 760-764; b) Y. Gorlin, T.
F. Jaramillo, J. AM. Chem. Soc. 2010, 132(39), 13612-13614.

[4] a) Y. Lee, J. Suntivich, K. J. May, E. E. Perry, Y. Shao-Horn, J. Phys. Chem. Lett. 2012, 3(3),
399-404; b) T. C. Wen, C. C. Hu, J. Electrochem. Soc. 1992, 139(8), 2158-2163.

[5] a) I.V. Lightcap, T. H, Kosel, P. V. Kamat, Nano Lett. 2010, 10(2), 577-583; b) P.V. Kamat, J. of
Phys. Chem. Lett. 2009, 1(2), 520-527.

[6] a) S. Bai, X. Shen, RSC Adv. 2012, 2(1), 64-98; b) B. F. Machado, P. Serp, Catal. Sci. Technol. 2012,
2(1), 54-75; ¢) S. Bose, T. Kuila, A. K. Mishra, R. Rajasekar, N. H. Kim, J. H. Lee, J. Mater. Chem.
2012, 22(3), 767-784.

[7] a) Z. S. Wu., G. Zhou, L. C. Yin, W. Ren, F. Li, H. M. Cheng, Nano Energy 2012, 1(1), 107-131; b)
Y. Liang, Y. Li, H. Wang, J. Zhou, J. Wang, T. Regier, H. Dai, Nature Mater 2011, 10(10), 780-786.

[8] S.Mao, Z. Wen, T. Huang, Y. Hou, J. Cheng, Ener. & Environ. Sci. 2014, 7(2), 609-616.

[9] J. Wang, J. Zhou, Y. Hu, T. Regier, Ener. Environ. Sci. 2013, 6(3), 926-934.

[10]L. Wu, C. H. Wu, H. Zhu, A. Mendoza-Garcia, B. Shen, J. Guo, S. Sun, JACS 2015, 137(22),
7071-7074.

[11]B. Bozzini, P. Bocchetta, A. Gionancelli, C. Mele, M. Kiskinova, Acta Chimica Slovenica 2014,
61(2), 263-271.

[12]M. Salmeron, R. Schlogl, Surf. Sci. Rep. 2008, 63(4), 169-199; b) D.E. Starr, Z. Liu, M. Havecker,



A. Knop-Gericke, H. Bluhm, Chem. Soc. Rev. 2013, 42(13), 5833-5857.

[13]a) R. Arrigo, M. E. Schuster, C. Ranjan, E. Stotz, A. Knop-Gericke, R. Schlogl, Angew. Chem. Int.
2013, 52(44), 11660-11664; b) H. S. Casalongue., S. Kaya, V. Viswanathan, D. J. Miller, D. Friebel,
H. A. Hansen, J. K Nerskov, A. Nilsson, H. Ogasawara, Nature Comm. 2013, 4;c) H. S.
Casalongue, M. L. Ng, S. Kaya, D. Friebel, H. Ogasawara, A, Nilsson, Angew. Chem. Int. 2014,
126(28), 7297-7300.

[14]].J. Velasco-Velez, C. H. Wu, T. A. Pascal, L. F. Wan, J. Guo, D. Prendergast, M. Salmeron,
Science 2014, 346(6211), 831-834.

[15]a) O. Karslioglu, S. Nemsak, I. Zegkinoglou, A. Shavorskiy, M. Hartl, F. Salmassi, E. M. Gullikson,
M. L. Ng, Ch. Rameshan, B. Rude, D. Bianculli, A. A. Cordones, S. Axnanda, E. J. Crumlin, P. N.
Ross, C. M. Schneider, Z. Hussain, Z. Liu, C. S. Fadley, H. Bluhm, Faraday Discuss. 2015; b) S.
Nemsak, A. Shavorskiy, O. Karslioglu, I. Zegkinoglou, A. Rettanachata, C. S. Conlon, A. Keqi, P.
K. Greene, E. C. Burks, F. Salmassi, E. M. Gullikson, S. H. Yang, K. Liu, H. Bluhm, C. S. Fadley,
Nature commun. 2014, 5, 5441.

[16]A. Kolmakov, D. A. Dikin, L. J. Cote, J. Huang, M. K. Abyaneh, M. Amati, L. Gregoratti, S. Giinter,
M. Kiskinova, Nature Nanotechnol. 2011, 6(10), 651-657.

[17]a) R. S. Weatherup, B. Dlubak, S. Hofmann, ACS Nano 2012, 6, 9996-10003; b) P. R. Kidambi, C.
Ducati, B. Dlubak, D. Gardiner, R. S. Weatherup, M. B. Martin, P. Seneor, H. Coles, S. Hofmann, J.
Phys. Chem. C 2012, 116, 22492-22501; ¢) J. J. Velasco-Velez, C. H. Wu, B. Y. Wang, Y. Sun, Y.
Zhang, J. H. Guo, M. Salmeron, J. Phys. Chem. C 2014, 118(44), 25456-25459, d) J. J. Velasco-Velez,
C. H. Chuang, H. L. Han, 1. Martinez-Fernandez, C. Martinez, W. F. Pong, Y. R. Shen, F. Wang, Y.
Zhang, J. Guo, M. Salmeron, J. of the Electrochem. Soc. 2013, 160(9), C445-C450; ¢) S. Hofmann,
P. Bracuninger-Weimer, and R.S. Weatherup, J. Phys. Chem. Lett. 2015, 6, 2714-2721.

[18] A. Knop-Gericke, E. Kleimenov, M. Héavecker, R. Blume. D. Teschner, S. Zafeiratos, R. Schlogl,
V. 1. Bukhtiyarov, V. V. Kaichev, I. P. Prosvirin, A. 1. Nizovskii, H. Bluhm, A. Barinov, P. Dudin, M.
Kiskinova, Advances in Catalysis 2009, 52, 213-272.

[19]S. Fletcher, Electrochemi. Acta 1983, 28(7), 817-923.

[20]M. Palomar-Pardave, 1. Gonzalez, A. B. Soto, E. M. Arce, Electroanal. Chem. 1998, 443(1),
125-136.

[21]J. Ismail, M. F. Ahmed, P. V. Kamath, J. Power Sourc. 1991, 36(4), 507-516.

[22]Y. Liang, H. Wang, P. Diao, W. Chang, G. Hong, Y. Li, M. Gong, L. Xie, J. Zhou, J. Wang, T. T.
Regiert, F. Wei, H. Dai, J. Am. Chem. Soc. 2012, 134(38), 15849-15857.

[23]Q. He, Q. Li, S. Khene, X. Ren, F. E. Lopez-Suarez, D. Lozano-Castello, A. Bueno-Lopez, G. Wu, J.
Phys. Chem. C 2013, 117(7), 8697-8707.

[24]]. J. Pietron, J. C. Biffinger, S. B. Qadri, D. R. Rolison, J. Mater. Chem. 2011, 21(21), 7668-7677.

[25] K. Artyuskova, S. Levendosky, J. Fulghum, P. Aanassov, Topics in Cat. 2007, 46(3-4), 263-275.

[26]M. C. Biesinger, B. P: Payna, A. P. Grosvenor, L. W. M. Lau, A. R. Gerson, R. St. C. Smart, Appl.
Surf. Sci. 2011, 257(7), 2717-2730.

[27]C. K. Chan, A. Kahn, Q. Zhang, S. Barlow, S. R. Marder, Appl. Phys. 2007, 102(1), 014906.



[28]a) X. Xiang, L. Zhang, H. 1. Hima, F. Li, D. G. Evans, Appl. Clay. Sci. 2009, 42(3), 405-409. b) V.
Musat, E. Fortunato, A. M. B. Do Rego, R. Monteiro, Thin Solid Films 2008, 516(7), 1499-1502;
¢) R. S. Da Cruz, A. J. S. Mascarenhas, H. M. C. Andrade, Appl. Cat. B: Environ. 1997, 18(3),
223-231.

[29]a) S. Cobo, J. Heidkamp, P. A. Jacques, J. Fize, V. Fourmond, L. Guetaz, B. Jousselme, V. Ivanova,
H. Dau, S. Palacin, M. Fontecave, V. Artero,Nature Mat. 2012, 11(9), 802-807; b) R. Xu, H. C.
Zeng, Chem. Mat. 2003, 15(10), 2040-2048.

[30]a) K. Artyushkova, S. Pylypenko, T. S. Olson, J. E. Fulghum, P. Atanasov, Langmuir 2008, 24(16),
9082-9088; b) S. Pylypenko, S. Mukherjee, T. S. Olson, P. Atanassov, Electrochim. Acta 2008,
53(27), 7875-7883; ¢) T. S. Olson, S. Pylypenko, P. Atanassov, K. Yamada, H. Tanaka, J. Phys.
Chem. C 2010, 114(11), 5049-5059.

[31]M. Hu, Y. Murakami, M. Ogura, S. Maruyama, T. Okubo, J. Catal 2004, 225(1), 230-239.

[32]H. Komurasaki, T. Tsukamoto, K. Yamazaki, T. Ogino, J. Phys. Chem. C 2012, 116(18),
10084-10089.

[33] K. T. He, G. P. Doidge, E. Pop. J. W. Lyding, Nano Lett. 2012, 12(6), 2665-2672.

[34]D. M. Soares, M. A. Tenan, A. B. Gomide, W. E. Gomes, Chem. Phys. Chem. 2010, 11(4), 905-911.

[35] T. Smith, J. Colloid Sci. 1980, 75(1), 51-55.

[36]0. Fuchs, F. Maier, L. Weinhardt, M. Weigand, M. Blum, M. Zharnikov, J. Delinger, M. Grunze, C.
Heske, E. Umbach, Nucl. Instrum. Methods A 2008, 585(3), 172-177.



