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Electrochemical configurations used in this work: 

1- In-situ liquid phase TEM Protochips Reactor 

The in-situ TEM setup illustrates the whole configuration utilized in performing in-situ liquid 

phase TEM measurements. Supplementary Fig. 1a reveals the three-electrode configuration of the 

in-situ TEM tip. Supplementary Fig. 1b shows the different components of the system including a 

potentiostat, syringe pump, and the in-situ TEM reactor.  

 

 

Supplementary Fig. 1 Protochips setup of the in-situ TEM liquid cell: a Three-electrode system 

configuration of the E-chip under light microscope. b Protochip system components comprising 

potentiostat, syringe pump, and TEM holder. 
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Supplementary note 1: 

Details of the Beam dose calculations  

Beam Dose =
Beam Current × Frame time

View Area
 

View Area = Pixel number × Pixel size 

Frame time = Dewll time × Pixel number 

 

2- Large-format electrode reactor: 

Benchtop measurements were conducted to evaluate the CO2R activity/selectivity of Pd electro-

deposited on a glassy carbon electrode, Pt foil was used as a counter electrode and Ag/AgCl as a 

reference electrode. All subsequent potentials are given against the reversible hydrogen electrode 

(RHE) based on equation 1 and the calibration of Pt as shown in Figure S2. 

 

Supplementary Fig. 2 Cyclic voltammetry features of Pd electrodeposited on large-format glassy 

carbon electrode using a Pt as a reference electrode and b Ag/AgCl as a reference electrode, both 

in N2-saturated 0.1M KHCO3 at a scan rate of 100mV/sec. where E vs RHE= E vs Pt + 0.76V. 
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Supplementary Note 2: 

In this study, the floating potentiostat's potential against the reversible hydrogen electrode 

(RHE)1 is estimated using the following Eq: 

ERHE = EAg/Agcl + 0.197V + 0.059 × pH + R × I 

Where; 

 R: Ohmic resistance between working and reference electrode / Ω 
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Supplementary Fig. 3  a Optical micrograph of Pd electrodeposited on the large-format glassy 

carbon electrode. b-d SEM images of the electrodeposited Pd particles at different magnifications. 
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Calculation of liquid thickness for in-situ LP-TEM  using EELS: 

The relative liquid thickness (t) in terms of the mean free path of the electrons (λ) can be estimated 

from the plasmon scattering peak in the EELS spectra by using the Beer–Lambert’s law equation2. 

t

λ
= − ln (

I°

It
) 

Where; 

 I°: the number of unscattered electrons in the zero-loss peak 

It: the total number of incident electrons 

From this equation, the relative thickness of the liquid (tliquid/λ liquid) can be estimated by 

subtracting the relative thickness of the two dry 50 nm SiNx membranes (t/λ)SiNx) from the total 

relative thickness of the entire liquid-filled electrochemical cell ((t/λ)SiNx-liquid-SiNx) as shown 

in the following equation:  

tliquid

λliquid
= (

t

λ
)

SiNx−liquid−SiNx

− 2 (
t

λ
)

SiNx

 

(t/λ)SiNx was calculated to be 0.38 and (t/λ)SiNx-liquid-SiNx was calculated to be 1.23, leading to a 

calculated tliquid/λ liquid value of 0.47. Assuming the inelastic mean free path of water to be 106 nm 

3, the liquid thickness within the LP-TEM electrochemical cell was calculated to be ca. 50nm. 
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Supplementary Fig. 4 Illustrates STEM-EELS measurements of Zero-loss peak for a dry 50 nm 

SiNx window compared to thin film liquid filled LP-TEM electrochemical cell (SiNx-liquid-SiNx) 

at an applied potential of -0.2 V vs. RHE in CO2 saturated 0.1M KHCO3. 
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Supplementary Fig. 5 a In-situ LP-TEM imaging indicating the region where background select 

area diffraction (SAD) measurements were conducted. b SAD pattern of the background from the 

in-situ LP-TEM reactor in CO2 saturated 0.1M KHCO3. 
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Supplementary Fig. 6  HAADF-STEM images of Pd particles held at an electrode potential 

ranging between 1.2 V and -0.2 V vs RHE in CO2 saturated 0.1M KHCO3, demonstrating the 

enlargement of the Pd particles as a function of potential. 
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Supplementary Fig. 7  Illustration of CrysTBox ringGUI – analysis under an applied potential of 

1.2 V vs RHE in CO2 saturated 0.1M KHCO3. a Original image of the SAD pattern. b Beam 

stopper detection. c Diffraction ring centering. d Individual lattice vectors are crystallographically 

identified and the zone axis is calculated. 
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Supplementary note 3: 

 The SAD analysis was performed using the software CrysTBox ringGUI 1.16 by Miloslav 

Klinger. A comparison of the theoretical and experimental values of the Pd particle analysis under 

an applied potential of 1.2 V vs RHE in CO2 saturated 0.1M KHCO3 is provided in Supplementary 

Table S1.  

Supplementary Table1: Summary of SAD analysis for the metallic Pd under an applied 

potential of 1.2 V vs RHE. 

Ring identification (Pd) 

Plane Radius (1/nm) d-spacing (nm) 

theoretical  measured  theoretical  measured  

(111) 4.45 4.44 0.22 0.23 

(002) 5.14 5.05 0.19 0.20 

(022) 7.27 7.24 0.14 0.14 

(113) 8.53 8.50 0.12 0.12 
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Supplementary Fig. 8 Illustration of CrysTBox ringGUI – analysis of PdHx formed under an 

applied potential of -0.2 V vs. RHE in CO2 saturated 0.1M KHCO3. a original image. b, Beam 

stopper detection. c Rings center. d Diffractogram profile - circular average. e and f, Individual 

lattice vectors are crystallographically identified and the zone axis is calculated. 
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Supplementary note 4: 

Supplementary Table 2: Summary of SAD analysis of PdHx formed under an applied 

potential of -0.2 V vs. RHE in CO2 saturated 0.1M KHCO3, demonstrate the comparison of the 

theoretical and experimental values of PdHx  

Ring identification (PdHx) 

Plane Radius (1/nm) d-spacing (nm) 

theoretical  measured  theoretical  measured  

(111) 4.19 4.26 0.24 0.24 

(002) 4.83 4.91 0.21 0.20 

(022) 6.83 7.05 0.15 0.14 

(113) 8.01 8.08 0.12 0.12 
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Supplementary Fig. 9 Illustration of the electrode potential profiles used during the in-situ 

SAD&STEM measurements (potentials given against the RHE). 
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Supplementary Fig. 10 In-situ HAADF-STEM snapshots extracted from Supplementary Movie 

4 illustrating Pd/PdHx particle detachment from the glassy carbon working electrode under an 

applied potential of -0.2 V vs RHE in CO2 saturated 0.1M KHCO3 for varying time durations. 
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Supplementary Fig. 11 Ex situ TEM images of in-situ TEM working electrode after CO2 

electrolysis. 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

Supplementary Fig. 12 HAADF-STEM images of in-situ TEM working electrode after CO2 

electrolysis. 
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Supplementary Fig. 13 Optical (a-c) and SEM images (b-d) of Pd particle on the in-situ glassy 

carbon electrode: a-b before and c-d after CO2 electrolysis. 
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Supplementary Fig. 14 a HAADF-STEM, b-c HAADF-STEM-EDX mapping images and d 

EDX-spectrum of the Pd particle on the in-situ glassy carbon electrode after in-situ SAD 

measurements under CO2 electrolysis conditions. Note that the source of Ti and Al peak in EDX 

spectrum in panel d comes from the lid of the in-situ TEM holder. 
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Supplementary Fig. 15 Tafel analysis for the CO2R to CO, H2 and formate in CO2-saturated 0.1 

M KHCO3. Noted that the electrochemical CO2 conversion test setup used in this work is associated 

with mass transport limitations; thus, the precise determination of Tafel plots is problematic. 

However, our total current densities are fairly low (< 0.5 mA/cm2), which is in a range where mass 

transport limitations do not play a prominent role but cannot be neglected entirely. 
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Supplementary Fig. 16 Positive LSV and baseline CV in N2 sat 0.1M KHCO3 electrolyte after 

holding the potential at various applied overpotentials (-0.1 to -0.5 V vs RHE) for 3 mins. 
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Supplementary Fig. 17 Current density as a function of time of the large-format Pd-decorated 

glassy carbon electrode, which holds at potential of -0.1 V vs. RHE at various durations in CO2-

saturated 0.1 M KHCO3 solution, demonstrating the effect of *CO poisoning on the current 

density. The electrochemical surface area (ECSA) of the Pd/PdHx particles was determined using 

double-layer capacitance measurements before (ECSAt=0) and after each electrolysis time ranging 

from 3 to 45 minutes (ECSAt=3 to t=45) 
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Supplementary Note 5:  

ECSA Calculations 

Linear fitting of the maximum current at different scan rates of 20 to 120 mV s−1 was necessary 

for the accurate determination of the Cdl at the solid/liquid interface to measure the 

electrochemical active surface area (ECSA) that was calculated by the following Eq: 

𝐄𝐂𝐒𝐀 =
    𝐂𝐝𝐥

𝐂𝐬
 

   Where Cs is the standard specific capacitance, that is 0.027 mF/ cm2 for a flat glassy carbon 

electrode.  
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Supplementary Fig. 18 CV scans at different scan rates from 20 to 100 mV s⁻¹ of  Pd particles in 

0.1M KHCO3, CO2 saturated electrolyte:  a-b before and c-d after electrolysis under an applied 

potential of -0.1 V vs RHE. 
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Supplementary Fig. 19 Optical images and SEM before and after one hour of electrolysis at an 

applied potential of -0.5 V vs RHE in CO2 saturated 0.1 M KHCO3 for the palladium-decorated 

large-format glassy carbon electrode. 
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Supplementary Fig. 20 TEM images of the palladium decorated large-format glassy carbon 

electrode after one hour of electrolysis at -0.5 V vs RHE in CO2 saturated 0.1 M KHCO3. 
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Supplementary note 6:  

DFT calculations: 

The reported DFT-based (constant potential) energies were calculated using the constant-

potential mode of SJM4 implemented in GPAW 5,6. 

 

 

Supplementary Fig. 21  Differential adsorption energies for hydrogen adsorption into hollow sites 

of a beta palladium hydride surface. In the structures marked with an asterisk, there is hydrogen 

migration from the subsurface to the surface, which convolutes the adsorption energy picture. For 

the remaining 8 coverages, the average change in potential energy (blue line) is roughly 0.05 eV. 

Accounting for the entropy loss (black line), the hydrogen adsorption is roughly 0.2 eV uphill in 

energy at 0 V vs RHE, meaning it will be thermoneutral around -0.2 V vs RHE. 
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Supplementary Fig. 22  Potential energy diagram showing suggested reaction pathways for CO2 

towards either CO or formic acid on β-PdHx(100) (blue) and Pd(100) (red). The dotted lines show 

the formate/formic acid pathway while the striped lines show the CO pathway. On both surfaces, 

*CO is the most stable intermediate and as *CO is expected to show the same response to potential 

as the two possible products, the (100) facet is expected to be poisoned by CO under reaction 

conditions. 
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Supplementary Fig. 23 a Calculated minimum energy pathways of the CO2 hydrogenation step 

towards formate. b The accompanied electron injection into the unit cell in the course of the 

reaction in order to keep the potential constant. Three different potentials are shown with varying 

colors, where the work functions given in the legend can be related to the SHE potential by 

subtracting the value of 4.4eV from them7. Note that the charge injection at the transition state is 

about 0.25 at all potentials, this leads to a fairly small potential response. Further note that in the 

Free energy diagram shown in the main text, the initial and final states do not correspond to the 

gas phase molecules hovering above the slab, but rather consist of separate calculations of the gas 

species and the PdHx slabs. 
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