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Hydrogen bubble templated cathodic electrodeposition of metals. 

Essential features: To obtain Cu deposits with a much larger surface area, we exploited 

the hydrogen bubble dynamic template cathodic deposition approach which has been described 

by various authors for Cu and some other metals [1-10]. In this approach, the electrodeposition 

is normally performed by imposing cathodic currents times higher than the limiting diffusion 

current of the metal ion that undergoes reduction. Under these conditions, electrochemical 

reduction of H+ (or water), to generate molecular H2, occurs in parallel with metal deposition, 

molecular hydrogen saturates the solution next to the cathode surface forming tiny H2 bubbles 

that adhere to the electrode for a certain lapse of time before being released. Thus, the metal 

deposit grows around the H2 bubbles and being deposited under diffusion control, tends to form 

nanowires or dendrites. The bubbles release stirs the solution and interrupts the growth of large 

and fragile dendrites (typical of deposition processes occurring under diffusion control), while 

new growth centres are nucleated. When the electrolysis is stopped, the dynamic template 

formed by hydrogen bubbles spontaneously disappears, leaving metal deposits with a bimodal 

porosity, with larger pores a few tens of microns wide, due to bubbles, and much tinier voids 

between nanowires. Such porous deposits exhibit good mechanical resistance.  By using 

hydrogen bubble dynamic template cathodic deposition, Cu and Cu alloy deposits with surface 

roughness factors, i.e. ratios between true and geometric surface areas, well above 100 could 

be easily obtained on disc or sheet electrodes [11].
Peculiarities of hydrogen bubble-assisted deposition onto Au thin-layer gates: A major 

requirement for the successful electrodeposition of porous metal layers is the use of a high cathodic 

current density. This is normally not a problem when solid metal electrodes (rods or sheets) are used. 

However, the electrical connection to the Au gate was ensured by an Au lead 0.1 cm wide and 20 nm 
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thick (section area of the conducting lead 2x10-7 cm2). Thus, by selecting a current of 0.09 A for the 

gate with an area equal to 0.09 cm2 (to achieve a current density of 1.0 A cm-2, typically used in the 

deposition of porous metals) the current density across the vertical section of the lead was equal to 450 

kA cm-2. This high current density caused a marked and spatially confined heating of the Au lead, which 

induced partial or complete delamination of the Au lead from the underlying PET substrate. By 

depositing a compact and relatively thick Cu layer on the Au lead, ahead of the porous Cu deposition, 

the overall thickness of the gate terminal was increased by a large factor, and the current density in the 

lead was correspondingly decreased to ca. 2.4 kA cm-2. Under these conditions, no detachment of Au 

from PET was observed, and porous Cu layers could be obtained.



Figures S1-S3 – Morphological characteristics of the electrodeposited Cu. 

Figure S1: (a) Picture of the cCu-gated device; (b) optical image of the cCu gate; (c) height profile 
corresponding to the black line indicated in (b); (d,e) SEM micrographs of the cCu for different 
magnifications.

Figure S2: AFM images of the (a) pristine Au and (b) cCu coating.



Figure S3: SEM micrographs of the pCu for different magnifications.   



Figures S4-S5, Table S1 and relevant comments – I-V transfer characteristics

The I-V transfer characteristics in 0.1 M NaCl show a quite weak shift of minimum gate voltage, 

VG,min, for the pristine Au-gated devices. On the contrary, both cCu and pCu present a clear shift of the 

VG,min when operated in the same conditions, as shown in Figure S4b-c, respectively. Furthermore, n-

type conduction dominates for both Cu-modified gates. The mobility of holes (µh) and electrons (µe) 

was calculated by using the equations that describe ambipolar transistors (Equation S1). The obtained 

mobility values, threshold voltages and minimum gate voltage are presented in Table S1. For the pristine 

Au-gated device, only the mobility of holes µh was obtained due to the high mean threshold voltage of 

the n-type charge carriers (VTh,N) that is out of our measuring range. Analogously, only the electron 

mobility µe was obtained for cCu-gated device in 0.1M NaCl. 

Figure S4: I-V transfer characteristics of rGO device featuring (a) pristine Au, (b) cCu-coated Au gate, 
(c) pCu-coated Au gate in NaCl 0.1M. The red curve stands for the leakage current (IG) and the blue 
one stands for the current recorded at the P terminal (IP). VP = 0 V and VN = -300 mV.
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In equation S1, VTP and VTN are the p- and n-type threshold voltages, αP and αN are the p- and n-type 

mobilities enhancement factors were extracted from  in unipolar saturation regimes (p- and n-
𝐼 ∗

𝑃𝑁𝐹𝐸𝑇

type respectively). Ci = 5 µF cm-2 was assumed, according to ref [12]. 



Table S1: Threshold voltage for holes (VTh,P) and electrons (VTh,N), field-effect mobility (µ) and 
minimum gate voltage (VG,min) calculated according to the data shown in Figure 1 and Figure S4 for 
each gate composition and porosity in Milli-Q water and 0.1 M NaCl considering both the forward and 
the reverse scan. Missing vales corresponds to missing n- or p- branches of the IV transfer 
characteristics.

VTh,P (mV) µh (cm2V-1s-1) VTh,N (mV) µe (cm2V-1s-1) VG,min (mV)

forward scan 162 ± 7 0.11 ± 0.01 284 ± 12 - 126 ± 5
Au in water

reverse scan 184 ± 3 0.10 ± 0.01 401 ± 10 - 139 ± 5
forward scan 188 ± 5 0.12 ± 0.01 344 ± 8 - 150 ± 5

Au in NaCl
reverse scan 171 ± 2 0.09 ± 0.01 383 ± 10 - 105 ± 5
forward scan 89 ± 3 0.12 ± 0.01 303 ± 9 0.07 ± 0.01 55 ± 5

cCu in water
reverse scan 121 ± 5 0.05 ± 0.01 346 ± 6 0.11 ± 0.03 71 ± 5
forward scan -145 ± 60 - 46 ± 1 0.2 ± 0.1 -148 ± 12

cCu  in NaCl
reverse scan -167 ± 90 - 6 ± 8 0.10 ± 0.01 -242 ± 50
forward scan 36 ± 13 0.16 ± 0.01 202 ± 9 0.10 ± 0.01 -19 ± 5

pCu in water
reverse scan 102 ± 18 0.067 ± 0.001 344 ± 6 0.012 ± 0.001 93 ± 10
forward scan -60 ± 13 1.10 ± 0.01 135 ± 22 0.09 ± 0.01 -68 ± 10

pCu in NaCl
reverse scan 49 ± 26 0.42 ± 0.01 127 ± 63 0.19 ± 0.01 -21 ± 10 

Figure S5: I-V transfer characterization of rGO device having (a-c) Au, (d,f) cCu, (g,i) pCu gate in 
Milli-Q water for (a,d,g) VN = -300 mV, (b,e,h) VN = -500 mV, (c,f,i) VN = -700 mV. The red curve 



stands for the leakage current (IG) and the blue one stands for the current recorded at the P terminal (IP) 
for VP = 0 V.

Figures S6-S8, Table S2 – Transient phenomena 
Figure S6 and Figure S7 respectively present the response time and the potentiometric 

sensitivity of the Cu-gated devices. The figures of merit of these devices are summarized in Table S2. 

Figure S6: Response time of (a-b) cCu and (c-d) pCu devices in 0.1M NaCl when switching from the 
neutrality point to (a,c) p-type conduction / (b,d) n-type conduction, and then returning to the neutrality 
point. 



Figure S7: Potentiometric sensitivity of the (a-b) pCu-gated and (c-d) c-Cu EGOFET subjected to a 
train of pulses (a,c) VGP = -250, -244, -255, -246, -253, -248, -251, -250 mV, (b,d) VGP = +250, +256, 
+245, +254, +247, +252, +249, +250 mV in 0.1M NaCl.

Table S2: Figure of merits of the Au, cCu, and pCu-gated devices in which p-type corresponds to                  
VG = -250 mV and n-type to VG = +250 mV; SNR, S = stored, and D = delivered.

1 (s)𝜏 2 (s)𝜏 Vmin ∆
(mV)

Vmin∆
SNR

PD
(µW.cm-2)

ED
(µWh.cm-2) Es/ED

Au
p-type 9.5 0.06 1 1.4 - - -

cCu
p-type 28 0.10 1 4 - - -

cCu
n-type 49 0.03 7 0.2 57 0.001 1.6%

pCu
p-type 26 0.08 1 5.8 - - -

pCu
n-type 26 0.09 3 12 84 0.003 3.5%



Figure S8: Galvanostatic charge/discharge for (a) pCu and (b) cCu-gated devices fixing Icharge = 5 µA, 
Idischarge = -5 µA. Galvanostatic charge/discharge including a holding state maintaining VGP = 300 mV 
for 30 s, and an OCP step for 60 s between the charge/discharge cycle for (c) pCu and (d) cCu-gated 
devices. Measurements were performed in 0.1 M NaCl.



Figures S9-S12 - emulated action potential and prolonged electrical stress

A single eAP is shown in Figure S9, whose potential setpoint is equal to + 250 mV and -250 

mV. For the cCu-gated device biased at +250 mV, it was possible to record properly such an electrical 

stimulus (Figure S10a). Unfortunately, the cCu-gate device failed to record the same eAP featuring a 

potential setpoint equal to -250 mV, as expected from the potentiometric sensitivity (Figure S4b) 

previously described. 

Figure S9: Upper panels: eAPs featuring a voltage setpoint equal to +250 mV and b) -250 mV. Lower 
panels: corresponding IP-time recordings with VN = -300 mV for the pCu-gated device.

(a) (c)

(b) (d)

Figure S10: (a,c-top) eAPs and (a-bottom) their recordings for VN = -300 mV; (b,d-top) eAPs and (b-
bottom) their recordings for VN = -300 mV for the cCu-gated device.



Figure S11: I-V transfer characteristics of rGO device featuring pCu-coated Au gate in 0.1 M NaCl 
after the fluidics measurement. The top panel stands for the leakage current (IG) and the bottom one 
stands for the current recorded at the P terminal (IP).

Figure S12: IP current recorded for 2h of 0.1M NaCl flux by means of the fluidics paper for VN = -300 
mV and VGP = -250 mV using the cCu-gated device.
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