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Experimental Procedures 

Potassium tetrachloropalladate(II) (K2PdCl4) was purchased from Alfa Aesar (Kandel, Germany). Sodium sulfate (Na2SO4), sodium 
chloride (NaCl), and potassium chloride (KCl) were purchased from Merck (Darmstadt, Germany). 1,1-Ferrocenylmethanol 
(C11H4FeO) and hexaammineruthenium(III)-chloride ([Ru(NH3)6]Cl3) were obtained from Arcos Organics (Schwerte, Germany). 
Ascorbic acid (C6H8O6), di-Potassium hydrogen phosphate (K2HPO4), sulfuric acid (H2SO4) were purchased from VWR chemicals 
(Leuven, Belgium). 
 
Pd-modified microelectrode fabrication and calibration procedure 
Au-Ni microelectrodes were fabricated by melting the Au-Ni microwire (Goodfellow, Bad Nauheim, Germany) into borosilicate glass 
(glass capillaries obtained from Hilgenberg, Malsfeld, Germany). Disc-shaped microelectrodes  were  obtained via grinding and 
polishing using diamond lapping films (Allied High-Tech Products, Rancho Dominguez, CA, USA) and red Technotron cloth (LECO, 
St. Joseph, MO, USA) with aluminum oxide suspensions (LECO, St. Joseph, MO, USA) as previously described elsewhere.[1] A 
three-electrode setup with the Au-Ni microelectrodes as working electrode, a reference electrode (Ag/AgCl/3M) and a counter 
electrode (Pt wire) was used. The electrochemical experiments were carried out using CHI660B potentiostat (CH Instruments, Austin, 
TX, USA). In a first step, the Au-Ni microelectrodes were etched in 1.0 mol/L KCl, using cyclic voltammetry; 15 cycles were performed 
in a potential range of 0.2 V to 0.9 V against Ag/AgCl/3M at a scan rate of 200 mV/s. In a second step, Pd was electrochemically 
deposited onto the etched Au-Ni microelectrodes in 20 mmol/L K2PdCl4 solution purged for at least 15 min with Argon to remove 
dissolved oxygen. Pulsed deposition of Pd was obtained by following pulse cycles: 0.35 V/ 0.5 s; 0.6 V/ 0.5 s vs. Ag/AgCl/3M 
reference electrode repeated 150 times.[2] The calibration of the Pd-modified microsensors was performed in 0.1 mol/L Na2SO4 in a 
closed glass chamber. Different H2 concentrations (0 µmol/L; 24.1 µmol/L; 48.2 µmol/L; 72.3 µmol/L; 96.4 µmol/L) were generated by 
mixing N2 with pure H2 gas at different ratios using a mass flow controller (Bronkhorst GmbH, Kamen, Germany). A multiple potential 
step method was used to determine the PdH formation. In the first step an anodic potential of 0.2 V vs. Ag/AgCl/3M was applied for 
20 s to oxidize absorbed H2, in the second step a potential of -0.6 V vs. Ag/AgCl/3M was applied for 5 s to reduce H2 in solution to 
form PdH and in the third step, a potential of 0.2 V vs. Ag/AgCl/3M was used again for 20 s to regenerate the Pd lattice. The whole 
process was repeated 10 times for each H2 concentration.  
 
Atomic force microscopy 
A 5500 AFM/SPM from Keysight Technologies (Tempe, AZ, USA) was used for AFM measurements using the PicoView 1.20 
software. All measurements were performed in contact mode in air with silicon nitride probes (ORC-8, Bruker AFM probes, CA, USA). 
Images were recorded with a scan speed of 0.2 ln/s.  
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Scanning electron microscopy 
SEM imaging of the fabricated microelectrodes was obtained with a Quanta 3D FEG (ThermoFisher, FEI, Eindhoven, Netherlands) 
operating at 3 – 5 kV and beam currents of 86 pA. SEM imaging of deposited catalysts was obtained with Helios Nanolab 600 
FIB/SEM operating at 1 kV and beam currents of 86 pA by using the in-lens detector (immersion mode). The size of the microspot 
arrays were measured using Fiji software package.[3]  
 
Scanning electrochemical microscopy 
A home built SECM setup (software: G. Wittstock, University Oldenburg, Oldenburg, Germany) was used to perform the SECM 
experiments in SG/TC mode. To position the microsensors, approach curves were recorded in 5 mmol/L hexaammineruthenium (III) 
chloride / 0.1 mol/L KCl and 5 mmol/L 1,1-ferrocenylmethanol / 0.1 mol/L KCl, respectively.  
 
Scanning electrochemical cell microscopy 
SECCM experiment were performed on a home build set-up. Samples were placed on a x-y piezo table (P-541.2CD, Physik 
Instrumente, Karlsruhe, Germany) while the nanopipette was attached to a z-piezo positioner (P-753.2CD, PI) mounted on a stepper 
motor (MTS25-Z8, Thorlabs GmbH, Bergkirchen, Germany) and connected to a digital piezo controller (E-727, Physik Instrumente, 
Karlsruhe, Germany). Current measurements were performed with a low-noise current preamplifier (SR570, Stanford Research 
Systems, USA). The instrumentation was controlled, and data was collected by a FPGA card (PCIe-7852R, National Instruments, 
Austin, USA). The experiments were controlled using the Warwick Electrochemical Scanning Probe Microscopy (WEC-SPM) 
software. The set-up is built on a vibration isolation table (Benchmate 2210, Kinetic Systems, Boston, USA) and placed in a Faraday 
cage. Furthermore, a digital camera (PL-B776U, PixeLink, Ottawa, Canada) and a cold light source (MI-150, Edmund Optics, Mainz, 
Germany) were used to aid the initial positioning of the nanopipette tip (tip orifice 100 nm) around 10 – 20 µm above the substrate.  
 
Synthesis of HER catalyst 
[Co(dmgH)2(py)2]+ BArF- was synthesized as described previously.[4] [Co(dmgH)2(py)2]+[Co(dmgBPh2)2Cl2]- (20 mg) was suspended in 
6 mL CHCl3 and afterwards 22 mg NaBArF was added. The reaction mixture was stirred for 20 min and quenched with 7 mL H2O. 
The two phases were separated, and the organic phase was collected, washed with 10 mL H2O (2 x) and dried over MgSO4. A 
resulting beige orange solid was washed with cold Et2O and yielding 9 mg [Co(dmgH)2(py)2]+ BarF- (39%). 
 
Preparation of NH2-CNMs 
The NH2-CNMs were prepared as reported elsewhere by low-energy electron irradiation of self-assembled monolayers (SAMs).[5,6] 
First, SAMs of 4’-nitro-1,1’-biphenyl-4-thiol (NBPT, Taros, 99%, sublimated before use) were prepared by immersion of a Au 
substrate (100 nm Au, 5 nm Ti adhesion layer on Si wafers, Georg Albert PVD Beschichtungen) in a 0.22 mM solution of NBPT in 
N,N-dimethylformamide (DMF, anhydrous, VWR). The Au substrates were cleaned before use with O2 plasma, rinsed with ethanol 
(VWR, HPLC grade) and dried under a stream of N2. After SAM formation for 72 h under N2 atmosphere in the dark, the substrates 
were rinsed with DMF (VWR, HPLC grade) and ethanol and dried. Crosslinking to NH2-CNM was performed with an low-energy 
electron beam (energy 50 eV, dose 50 mC/cm²) in a high vacuum chamber (base pressure < 5 × 10−8 mbar) equipped with an 
electron gun (FG15/40 Specs). The electron irradiation leads to the formation of a two-dimensional nanosheet due to C-H bond 
cleavage and C-C bond formation, as well as reduction of the nitro to amino groups.[7] 
 
Deposition of cobalt microspot array on carbon nanomembrane 
The nanopipettes were back-filled with 0.4 mmol/L [Co(dmgH)2(py)2]+ BArF-. Ag wires were inserted into the back opening of each 
barrel to serve as QRCEs. The nanopipette was then approached to the surface via a piezo positioner (50 nm/s) while a bias voltage 
of 25 mV was applied between the two QRCEs. The DC ion current measured between the QRCEs in the two barrels served as 
feedback for the detection of the meniscus contact.[4] The nanopipette was kept for 10 s at the surface before withdrawing the 
nanopipette and moving to the next position where it was again approached towards the surface in an approach, hold, withdraw, 
move protocol.  
 
 
Operando hydrogen measurements at cobalt microspot array  
H2 measurements was performed under argon atmosphere in 0.5 mmol/L [Ru(tbbpy)2(mmip)]Cl3 solution dissolved in 0.1 mol/L 
ascorbic acid (pH 4) and purged with argon for at least 15 minutes to remove dissolved oxygen. A constant tip potential of -
0.6 V vs. Ag/AgCl was applied to the Pd-modified microelectrode. A 400 µm optical fiber (MT-28L01, Thorlabs GmbH, Bergkirchen, 
Germany) connected to a 21.8 mW blue LED (M470F3, Thorlabs GmbH) was used for illumination of the microspot array. 
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Results and Discussion 

Figure S1: a) Etching process via cyclic voltammetry in a potential range from 0.2 V to 0.9 V vs. Ag/AgCl/3M; scan-rate: 200 mV/s, first cycle (blue), last cycle (red), 
b) i-t curve of Pd pulse deposition (150 pulses) on an etched Au-Ni microelectrode in 20 mmol/L K2PdCl4, c) cyclic voltammetry of de-alloyed Au-Ni microelectrode 
(grey) vs. blank Au-Ni microelectrode (red) in 0.5 mol/L H2SO4, scan rate: 50 mV/s. 

 

 

Figure S2:  SEM image of a polished and de-alloyed Au-Ni microelectrode; sample is titled by 52 °; after polishing (left); after dealloying (right); inset shows magnified 
SEM image of the de-alloyed Au-Ni microelectrode.  
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Figure S3: a) AFM contact mode topography image of a Pd-modified Au-Ni microelectrode; b) magnified AFM topography image of the Pd-modified Au-Ni 
microelectrode.  

 

Figure S4: a) SEM image: cross-section of a Pd-modified, de-alloyed Au-Ni microelectrode; b) EDX mapping of elements palladium (Pd), platinum (Pt), gold (Au) 
and nickel (Ni). 
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Figure S5. Multi-potential step calibration procedure: i-t curve of H2 calibration (0.2 V: cleaning; -0.6 V: H2 absorption; 0.2 V: H2 oxidation (all potentials are quoted 
against Ag/AgCl/3M). 

 

Figure S6: a) SECCM schematic of [Co(dmgH)2(py)2]+ BArF- microspot array deposition on NH2-CNM with a nanopipette (tip orifice 100 nm); b) SEM image of 
[Co(dmgH)2(py)2]+ BArF- microarray (81 spots) on a NH2-/CNM-modified Au substrate; c) amperometric i-t curves of a H2 measurement at a [Co(dmgH)2(py)2]+ BArF- 
microarray in 0.5 mmol/L [Ru(tbbpy)2(mmip)]Cl3 and 0.1 mol/L ascorbic acid (pH 4) (blue line in dark condition; red line under illumination). H2 measurements were 
performed under argon atmosphere. 
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