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Developing novel protocols for hydrogen (H) loading is crucial for furthering the investigation of hydrides as 
potential high-temperature superconductors at lower pressures compared to recent discoveries. Ionic gating-
induced protonation (IGP) has emerged as a promising technique for H loading due to its inherent simplicity, but it 
can be limited in the maximum density of injected H when ionic liquids are used as a gating medium. Additionally, 
most ionic liquids are limited by high production costs, complex synthesis, and potential toxicity. Here, we 
demonstrate that large H concentrations can be successfully injected in both palladium (Pd) bulk foils and thin 
films (up to a stoichiometry PdH0.89) by using a deep eutectic solvent (DES) choline chloride:glycerol 1:3 as gate 
electrolyte and applying gate voltages in excess of the cathodic stability limit. The attained H concentrations are 
large enough to induce superconductivity in Pd, albeit with an incomplete resistive transition which suggests 
a strongly inhomogeneous H incorporation in the Pd matrix. This DES-based IGP protocol can be used as a 
guideline for maximizing H loading in different materials, although specific details of the applied voltage profile 
might require adjustments based on the material under investigation.

1. Introduction

Recent breakthroughs in achieving high-temperature superconduc-
tivity (HTSC) in high-pressure hydrides (≳ 100 GPa) have reignited 
interest in exploring hydrogen (H)-rich materials [1,2]. These discov-
eries stimulate the search for novel hydrides where H-induced, high-
frequency vibrational modes could trigger HTSC at considerably lower 
pressures than those currently required. Identifying such compounds 
would represent a significant advancement toward more feasible and 
environmentally sustainable superconducting technologies [3]. In this 
pursuit, establishing efficient and reliable techniques for H incorpora-
tion into promising candidate materials is crucial.

Conventional techniques for attaining H charging include gas absorp-
tion from high-pressure gas [4–8], electrochemical loading [4,5,9–11], 
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and ion implantation [4,5,12–14]. Among electrochemical loading tech-
niques, ionic gating-induced protonation (IGP) [15–35] has emerged as 
a particularly attractive approach due to its inherent simplicity. Notably, 
this method involves applying a voltage difference across an electrolyte 
in direct contact with the target material, as sketched in Fig. 1a. The 
resulting strong electric field (≳ 1 MV cm−1) established at the sample-
electrolyte interface triggers electrochemical processes that generate 
H+ ions, which are subsequently driven into the material [3,17,26,28]. 
Moreover, the entire IGP apparatus can be readily integrated into a 
cryostat, enabling rapid cooling to prevent H desorption and allowing 
simultaneous in-situ characterizations.

Previous studies have demonstrated the effectiveness of IGP in mod-
ifying the electronic properties of materials by H injection [15–35], in-
cluding inducing superconductivity in previously non-superconducting 
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materials [19,27,28] and attaining an efficient control of magnetism in 
both platinum [16,31] and cobalt [21] thin films. The use of ionic liq-
uids (ILs) as electrolytes enables the traces of water present in them 
to be used to generate O2− and H+ ions [17]. Due to their low melt-
ing temperature, commercial availability, large electrochemical window 
and low water uptake, ILs with fluorinated TFSI and BF4 anions were the 
most widely used [15–35]. However, ILs with BF4 anion hydrolyze to 
form highly corrosive hydrofluoric acid in the presence of water [36], 
whereas ILs with TFSI anion are very expensive, environmentally un-
friendly and highly toxic [37–39]. Additionally, IL-based IGP can lead 
to the intercalation of the organic ions comprising the IL instead of the H 
ions [40–43], and the dependence of IL-based IGP on water electrolysis 
for H generation limits its efficacy in non-humid environments.

Nowadays, deep eutectic solvents (DESs) offer an attractive alterna-
tive to ILs due to their lower toxicity, their biodegradability, and the 
straightforward synthesis process from readily available and inexpen-
sive components [44–48]. DESs are mixtures of two or more compounds 
that exhibit a negative deviation from the ideal eutectic in terms of melt-
ing temperature. It is therefore possible to design a specific DES for a 
specific application by changing the chemical nature of the compounds 
and their molar ratio. To the best of our knowledge, DESs have never 
been used in IGP, and their use could make it possible to solve the main 
critical issues of the usage of ILs. Additionally, unlike ILs, DESs could 
generate H through direct solvent dissociation, thereby reducing their 
dependence on specific environmental conditions. However, a critical 
prerequisite for their application in IGP is the demonstration of their 
ability to promote large H injection.

To assess the potential of DESs for IGP, this study investigates H 
loading into palladium (Pd) using a choline chloride:glycerol 1:3 DES. 
This DES features good ionic conductivity due to the presence of the 
choline chloride salt, and simultaneously acts as a good source of H 
thanks to glycerol, a species which can dissociate and release H+ at 
relatively low potentials [49–52]. Furthermore, compared to other hy-
drogen bond donors currently used in the preparation of DESs, glycerol 
is obtained directly from natural sources. The molar ratio of choline to 
glycerol was chosen to minimize the viscosity of the medium. At a molar 
ratio of 1:3, the DES exhibits a lower viscosity than 1:2 and 1:4, giving 
potential advantages in terms of conductivity and homogeneity of the 
H intake [53].

Among metal elements, Pd was selected as a model system due to the 
extensive characterization of the PdH𝑥 hydride and its well-established 
superconducting properties [9,54–59]. With respect to other metal hy-
drides, the direct correlation between absorbed H content and PdH𝑥

electrical resistivity [60–65] enables the straightforward monitoring 
of the IGP process. Additionally, the occurrence of a superconducting 
transition at ambient pressure for high H concentrations (0.8 ≲ 𝑥 ≤ 1) 
with a critical temperature up to 9 K depending on the concentration 
[7,9–13,58,59,66], provides a clear indicator of large H incorporation 
into the Pd lattice, and the well-known tendency of Pd to readily release 
absorbed H allows for the assessment of the robustness of IGP against 
potential desorption losses [67]. Another reason to choose Pd is that Pd-
noble metal alloys are known to become superconducting when loaded 
with H [68] and a high-temperature superconducting phase has been 
predicted to occur in PdCuH𝑥 [69]. Therefore, the same method used 
here for pure Pd could be readily applied to these materials in the search 
for high-temperature H-based superconductors at ambient pressure.

2. Experimental methods

2.1. Fabrication of the palladium samples

Bulk Pd foils were commercially purchased from Sigma Aldrich 
(99.9% purity, 25 μm nominal thickness) and used as-is after 15 min 
sonication in ethanol. Thin Pd films were grown on sapphire substrates 
by photolithography, Pd evaporation and lift-off. Lithography was per-
formed by using a Heidelberg maskless aligner (MLA150) system. De-

vices were patterned in the shapes of Hall bars on an AZ ECI 3007 pho-
toresist mask spin-coated at 4000 rpm (thickness ≈ 0.7 μm) and baked 
at 110 ◦C for 90 s. The development in AZ 726 MIF at room tempera-
ture lasted 60 s. Ti (nominal 2 nm) and Pd (nominal 35 nm) were then 
sequentially deposited with a Leybold Univex 350 thermal evaporator. 
The evaporation was followed by an overnight lift-off in acetone, dip-
ping in isopropanol (2 minutes) and nitrogen blow-drying.

2.2. AFM characterization

Atomic force microscopy measurements were carried out in ambi-
ent conditions using a Bruker Innova microscope in tapping mode, with 
commercial silicon tips having a nominal resonance frequency of 300 
kHz (RTESPA-300). Image analysis and post-processing were performed 
using Gwyddion software [70].

2.3. Synthesis of the deep eutectic solvent

Choline chloride (> 98%) and glycerol (> 99%) were purchased in 
100 g from Sigma Aldrich. The DES was prepared using a previously 
reported procedure [71]. Before preparation, choline chloride and glyc-
erol were dried under vacuum for 6 h at 80 ◦C. The choline chloride 
(1 equiv.) and glycerol (3 equiv.) were mixed, and the mixture was 
stirred at room temperature until a homogeneous transparent liquid was 
formed. After the formation, no purification step was needed, and the 
solvents were kept at room temperature in sealed vessels until their use. 
The water content was measured using a Karl Fischer apparatus and re-
sulted in 520 ppm.

2.4. Ionic gating-induced protonation

Pd samples were electrically contacted by drop-casting silver paste 
(RS Components) onto thin platinum (Pt) wires. The contacts were sub-
sequently covered by a protective and electrically-insulating varnish 
(GE varnish). The samples were placed at the bottom of a custom-built 
Stycast pool (typical size 10 × 5 × 5 mm3) equipped with a Pt counter 
electrode, which was then filled with the choline chloride-glycerol DES 
(as sketched in Fig. 1a). The gate voltage 𝑉G was applied to the Pt elec-
trode under ambient conditions using the first channel of an Agilent 
B2912 source-measure unit (SMU) that also measured the gate current 
𝐼G. The four-probe resistance was measured in situ in the collinear con-
figuration by sourcing a constant current 𝐼ds between drain (D) and 
source (S) contacts using the second channel of the same SMU (typi-
cal values ≈ 10 μA and ≈ 1 mA for films and foils respectively), and 
measuring the longitudinal voltage drop 𝑉xx between inner voltage con-
tacts with an Agilent 34420 nanovoltmeter. The resistivity 𝜌 was calcu-
lated as 𝜌 = 𝑉xx𝐼

−1
ds 𝑡𝑤𝑙−1, where 𝑡 and 𝑤 are the sample thickness and 

width, respectively, and 𝑙 is the distance between inner voltage con-
tacts. Common-mode offsets were eliminated by means of the current 
reversal method. The entire setup was mounted on the cryogenic sam-
ple holders to allow for measurements of the resistance as a function of 
temperature immediately after the IGP process. Only for in situ measure-
ments in the 3He insert, due to the incompatibility of the Stycast pool 
with the insert dimensions, a standard sample holder was employed. In 
this case, a planar configuration was used, with the Pt counterelectrode 
placed on the side of the Pd sample. They were both covered by the 
same drop of DES, and a 15-μm polyimide foil was placed on top, to 
improve thermomechanical stability.

2.5. Temperature-dependent electric transport measurements

The resistivity of the Pd samples was measured by directly cooling 
the entire IGP setup. Measurements were carried out as a function of 
temperature either in a Cryomech PT-403 pulse-tube cryocooler (base 
temperature ≈ 2.8 K) or in the variable-temperature insert of an Oxford 
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Fig. 1. Ionic gating-induced protonation: setup and materials. (a) Schematic of the experimental setup designed to attain IGP within Pd samples while simulta-
neously monitoring their electrical resistivity in situ during the process. Source (S), drain (D), and Pt gate (G) electrodes are explicitly highlighted. Gate voltage 𝑉G, 
gate current 𝐼G, source-drain current 𝐼DS, and four-wire voltage 𝑉xx are also indicated. (b) Representative AFM topography map of a Pd foil sample. (c) Represen-
tative AFM topography map of a Pd thin film sample and (inset) height profile across the film edge.

4He cryostat (base temperature ≈ 1.6 K). Ultralow temperature measure-
ments were performed in a Cryogenic Ltd 3He insert (base temperature 
≈ 0.28 K) compatible with the Oxford cryostat. Magnetic fields were ap-
plied perpendicular to the substrate plane using the 9 T superconducting 
magnet of the Oxford cryostat. 

3. Results

3.1. Materials

The measurements performed in this study were carried out on Pd 
samples in the form of bulk foils or thin films. The thickness of the com-
mercial bulk foils was determined to be 25 ± 1 μm using a micrometer 
and their surface morphology was assessed via atomic force microscopy 
(AFM, see Section 2.2). A representative AFM topographic map of the 
foils is presented in Fig. 1b. The surface morphology is clearly domi-
nated by the oriented scratch pattern that extends throughout the entire 
surface and that is likely due to the polishing process. The RMS and 
mean roughness were estimated to be approximately 14 nm and 11 nm, 
respectively.

Thin Pd films were obtained by standard microfabrication techniques 
(see Section 2.1), and a representative AFM topographic map is pre-
sented in Fig. 1c. Again, no obvious granular structure could be detected 
and the films exhibited a significantly smoother surface compared to the 
foils, with RMS and mean roughness values of approximately 0.8 nm and 
0.5 nm, respectively, attesting to the high quality of the deposited films. 
The film thickness was determined to be 34 ± 7 nm by averaging over 
multiple step edges, one of which is displayed in the inset of Fig. 1c.

A choline chloride-glycerol DES was selected as the gate electrolyte 
owing to it readily providing dissociated H+ ions when cathodic volt-
ages are applied to the working electrode [49–52], and synthesized as 
detailed in Section 2.3 [71]. For conciseness, this specific solvent will 
be referred to as DES throughout the manuscript.

3.2. IGP process

IGP was performed on both Pd foils and Pd films under ambient 
conditions implementing the experimental setup depicted in Fig. 1a and 

further described in Section 2.4. The apparatus was integrated into a 
cryostat to enable rapid cooling upon completion of the gating process 
so as to minimize undesired H desorption from the Pd lattice. This con-
figuration allowed for the application of a gate voltage 𝑉G across the 
electrolyte, between the Pt gate electrode and the sample itself. Notably, 
voltages exceeding the established cathodic stability limit of the DES 
were applied to trigger the mechanisms responsible for the release of 
free H+ ions, which are prerequisites for H injection into Pd [51,52,72]. 
A typical IGP run was carried out by ramping 𝑉G from 0 V up to a spe-
cific final value – exceeding the DES cathodic stability limit – with a rate 
of 1 mV/s. This slow sweep rate ensured sufficient time for the ionic dy-
namics in the DES to adjust to the changing voltage. The final value of 
𝑉G was then held constant for a suitably long time as discussed below.

To verify successful protonation, the setup allowed for simultaneous 
measurement of the gate current 𝐼G flowing between the gate (G) and 
the source (S) contact, and the in-situ resistivity 𝜌 of the sample under-
going treatment. Monitoring 𝐼G provides insights into the response of 
the DES to voltage variations and its dependence on the gating time. 
However, it is crucial to note that not all generated H+ ions detected 
via 𝐼G necessarily contribute to protonation, since part of them can be 
captured in other electrochemical processes including hydrogen evolu-
tion reaction [73]. Therefore, monitoring 𝜌 is essential to confirm H+

injection and its impact on modifying the electronic properties of Pd. 
Representative examples of the observed in-situ IGP dynamics are pre-
sented in Fig. 2 where the time evolution of the three key quantities 𝑉G , 
𝐼G, and 𝜌 is displayed in the case of gated bulk foils (panel a) and thin 
films (panel b). The dimensionless quantity 𝜒R = 𝜌(𝑥)∕𝜌(0) represents 
the ratio between the resistivity of the sample being protonated (at a 
certain H/Pd ratio 𝑥) and its resistivity in the pristine state.

In Fig. 2, all 𝐼G profiles exhibit very low values (few nA) for applied 
𝑉G ≲ 1.9 V. This value is somewhat larger than the cathodic stability 
limit established for the DES under investigation with glassy carbon 
working electrodes (1.38 V) [51,52,72]. However, the specific oxidation 
potential of glycerol is strongly related to electrode material and can in 
principle acquire values even below 1 V vs reference electrode. For ex-
ample, Lee et al. [49] reported the oxidation of glycerol at 0.80 V (vs 
SHE, standard hydrogen electrode) over a PtSb/C catalyst; whereas Lin 
et al. [50] performed the oxidation of glycerol with NiNPs/ITO electrode 
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Fig. 2. Examples of the dynamics observed during ionic gating-induced protonation (IGP) of palladium (Pd) samples at room temperature. (a) IGP of a 
bulk foil. (b) IGP of a thin film. Top panels display the applied gate voltage 𝑉G, middle panels display the measured gate current 𝐼G, and bottom panels display the 
electrical resistivity 𝜌 measured in situ in absolute units (left scale) or normalized to its pristine value 𝜒R = 𝜌(𝑥)∕𝜌(0) (right scale).

in the 0.2 M NaOH operating at a potential of 0.70 V vs Ag/AgCl. In our 
setup, the electrochemical processes responsible for H+ release remain 
inactive within the range 𝑉G ≲ 1.9 V, resulting in a negligible 𝐼G. How-
ever, reaching and exceeding 𝑉G ≈ 1.9 V triggers a significant rise in 𝐼G , 
signaling the onset of the electrochemical reactions responsible for the 
release of H+ ions. Further increasing 𝑉G beyond these values initially 
increases 𝐼G even further, as the H+ ion release is strengthened, but 
eventually leads to 𝐼G reaching a maximum and then decreasing. Part 
of this decrease can be attributed to the pseudocapacitive dynamics of 
the polarized DES [74] since its onset is roughly correlated with the time 
scale at which the 𝑉G ramp reaches its final value; however, at least part 
of the decrease is likely associated with the progressive degradation of 
the electrolyte resulting from the application of voltages exceeding the 
DES stability window, since such conditions would eventually hamper 
the capability of the electrolyte to sustain a stable production of free H+

ions. Overall, 𝑉G = 12 V was selected as the maximum applicable value 
in the gate ramps since rapid device degradation and failure systemati-
cally occurred upon the application of even larger voltages.

A more quantitative assessment of the impact of the application of 
𝑉G to the Pd samples can be obtained by monitoring 𝜌 or better the ra-
tio 𝜒R. Previous studies have demonstrated that 𝜒R for PdH𝑥 increases 
monotonically with H content, reaching a peak at 𝑥 ≈ 0.7, and then de-
creases monotonically, eventually returning to unity at 𝑥 = 1 [60–63]. 
Notably, in our case, both Pd foils and Pd films exhibit analogous 𝜒R
profiles over time, suggesting a direct correlation between gating time 
and H uptake. As illustrated in Fig. 2, 𝜒R typically increases to a peak 
and then gradually decreases towards a constant value. This stabiliza-
tion can be attributed to a dynamic equilibrium between H intrinsically 
desorbed by Pd and H injected from the electrolyte.

Although gated Pd films and foils exhibit similar overall trends in 
their time-dependent 𝜒R curves, the reduced thickness of the thin films 
introduces distinct features compared to bulk foils. First, the overall 
variation in 𝜒R is significantly lower for Pd films (𝜒R up to ≈ 1.4) as 
compared to foils (𝜒R up to ≈ 1.8), an observation that aligns with pre-
vious studies on Pd thin films [75,76] and that was attributed mainly to 
a stress-dependent reduction of H solubility at a given H pressure [75]. 

Second, a localized decrease in 𝜌 (and consequently in 𝜒R) is observed at 
low voltages (𝑉G ≲ 1.9 V) in the thin films (Fig. 2b), at variance with the 
almost constant 𝜌 exhibited by bulk foils (Fig. 2a) in the same voltage 
range. Since in this range the electrochemical processes for H production 
are inactive, this distinct feature observed only in the thin films can be 
attributed to an electrostatic gating effect. In this low-voltage regime, 
the primary effect of the applied 𝑉G is to accumulate charges at the 
Pd-electrolyte interface, resulting in an effective increase in carrier con-
centration and, thus, a reduction in resistivity. This behavior agrees with 
well-established observations in ion-gated metallic films [77–84]. It is 
noteworthy that this effect occurs in both Pd foils and films but leads to 
a non-negligible change in 𝜌 only in the latter due to their much smaller 
thickness (34 nm vs 25 μm) enabling the detection of the surface-bound 
electrostatically-modulated layer [77,82,84–87].

3.3. 𝜌− 𝑇 measurements

To further verify that the observed 𝜒R changes for 𝑉G ≳ 1.9 V are 
due to successful protonation, we measured the dependence of 𝜌 on the 
temperature 𝑇 following each IGP process, in both bulk foils (Fig. 3a) 
and thin films (Fig. 3b) as detailed in Section 2.5.

In the case of Pd bulk foils, the pristine 𝜌(0) was found to smoothly 
decrease as 𝑇 was reduced and then saturate for 𝑇 ≲ 5 K (solid black line 
in Fig. 3a), as expected for a typical metallic material [88]. The value of 
𝜌(0) measured at 295 K was 11.5 μΩ cm (as reported also in Fig. 2a) and 
is in agreement with reported values for bulk Pd [88,89]. In contrast, the 
𝑇 dependences of 𝜌 in the gated foils (solid colored lines in Fig. 3a) ex-
hibit significant deviations from the pristine state, indicating successful 
H incorporation into the Pd lattice. Notably, a peak emerges in the 𝜌−𝑇

curves around 50 K, corresponding to the well-documented anomaly 
observed in various physical properties of PdH𝑥 [90,91], including spe-
cific heat [57,92], internal friction [93], and thermal relaxation [94]. 
This feature was initially attributed to an order-disorder phase transi-
tion [95,96]. However, current understanding attributes this anomaly 
to a kinetic effect arising from changes in the short-range order of H 
[97,98]. Here, the temperature corresponding to this anomaly (𝑇a) is 
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Fig. 3. Temperature dependence of the resistivity of PdH𝑥 samples before (𝑥 = 0) and after (𝑥 > 0) ionic-gating induced protonation. (a) 𝜌− 𝑇 of bulk foils.
(b) 𝜌− 𝑇 of thin films. All curves are normalized to their value at 𝑇 = 295 K and labelled according to the final value of the applied gate voltage. Normalized curves 
at 𝑉G > 0 are vertically shifted by 0.05 for clarity.

defined as the local maximum of the 𝜌−𝑇 curve in the range 0 − 100 K, 
as further discussed in Section 4.2.

The detection of this anomaly is crucial because the value of 𝑇a is 
known to correlate with the H concentration in PdH𝑥 . Namely, for 𝑥 >

0.6, 𝑇a is expected to increase as a function of 𝑥, while the peak height 
decreases, and eventually vanishes at higher concentrations [65,10]. 
Such an increase in 𝑇a can indeed be observed in the 𝜌 − 𝑇 curves of 
our gated foils when 𝑉G is increased from 3 to 12 V (solid orange line 
and solid blue lines in Fig. 3a respectively), and therefore confirms that 
the decrease in 𝜒R shown in Fig. 2a for 𝑉G ≳ 5 V is primarily due to 
increasing H uptake rather than desorption. However, the persistence 
of the anomaly in the 𝜌 − 𝑇 curves measured even in the foils gated at 
𝑉G = 12 V suggests that, in this case, the H concentration does not reach 
the threshold required for a detectable superconducting transition, since 
the resistivity anomaly is not observed in PdH𝑥 samples with optimal 
critical temperatures [59,99]. Consistently, we observed no trace of a 
superconducting transition in Pd foils gated by applying a final 𝑉G up 
to the maximum value of 12 V.

In the case of the Pd thin films, 𝜌(0) also exhibited a typical metallic 
behavior (solid black line in Fig. 3b) and its value measured at 295 K
(24 μΩ cm, Fig. 2b) was consistent with previous results for 35 nm-thick 
Pd samples [100,101]. Similar to foils, the application of 𝑉G ≳ 1.9 V 
induced a significant deviation of the 𝜌 − 𝑇 curves from the pristine 
behavior, indicating successful H incorporation into the Pd lattice. The 
anomaly is evident for final values of 𝑉G between 2 V and 6 V (solid 
brown, orange and green curves in Fig. 3b), with a progressive shift 
towards higher temperatures indicating an increase in injected H. Also 
in this case, this observation further supports our interpretation that 
the decrease in 𝜒R shown in Fig. 2b is due to H uptake rather than 
desorption.

In contrast with bulk foils, however, when a 𝑉G = 12 V is applied to 
the thin films the anomaly peak disappears and the 𝜌 − 𝑇 curves (solid 
blue lines in Fig. 3b) become again smooth and featureless, albeit with 
a much larger residual resistivity with respect to the pristine 𝜌(0). This 
suggests that, unlike in the bulk foils, in the thin films the H concentra-
tion can be driven beyond the limit where the anomaly is expected to 
vanish (𝑥 ∼ 0.85) [95]; the reason for this discrepancy is unclear, but we 

Fig. 4. Partial superconducting transitions in gated Pd thin films. Temper-
ature dependence of the resistivity (normalized to its value at 295 K) attained 
by applying a final 𝑉G = 12 V for ≈ 2 hours to two Pd thin films. Film #1 (dark 
blue line) was measured in the 4He cryostat down to 1.67 K in a zero applied 
magnetic field. Film #2 (light blue and red lines) was measured in the 3He cryo-
stat down to 0.35 K in an applied magnetic field of 0 T and 0.15 T respectively. 
The curves at 0 T are an expanded view of the same data shown in Fig. 3b.

speculate that it might be caused by the larger surface-to-volume ratio 
of the films with respect to the foils, which promotes an increase in the 
maximum H uptake under comparable gating conditions. Thanks to this, 
a finite superconducting transition temperature should become observ-
able, and indeed the 𝜌−𝑇 curves measured at 𝑉G = 12 V in thin films do 
exhibit very small drops for 𝑇 ≲ 2 K, which can be interpreted as a signa-
ture of superconducting transitions [7,9–13,66]. An illustrative example 
of this feature is given in Fig. 4, which provides an expanded view of the 
curves displayed in Fig. 3b for the two films gated at 𝑉G = +12 V – the 
first measured in a 4He cryostat down to 1.67 K (solid dark blue line) 
and the second in a 3He cryostat down to 0.35 K (solid light blue line); 
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see Section 2.5 for details. The superconducting nature of these resistiv-
ity drops is corroborated by the fact that the drop completely disappears 
upon applying a magnetic field of 150 mT (solid red line in Fig. 4). This 
field value was deliberately selected to exceed the zero-temperature 
upper critical magnetic field of PdH1, 𝐻c2(0) ≈ 110 mT [66,102,103]. 
However, to definitively determine why only a partial transition is oc-
curring down to 0.35 K, a quantitative analysis of the H concentration 
is necessary. This will clarify whether the absence of a full transition is 
due to an insufficient overall concentration or to an inhomogeneous H 
distribution within the film.

4. Discussion

4.1. Determination of the H concentration

A quantitative evaluation of the H concentration for each IGP process 
is crucial to elucidate the origin of the observed partial superconducting 
transition and to assess the performance of the electrolyte in facilitat-
ing H loading in Pd. Direct measurements of the H concentration, such 
as 1H nuclear magnetic resonance [19,28,32], require dedicated experi-
mental setups and the use of bulk samples, making them ill-suited for in 
situ measurements on thin films. As a consequence, we employ an indi-
rect estimation method where the H concentration is inferred from the 
resistivity ratio 𝜒R, which is known to correlate with 𝑥 [60–63]. Fig. 5a 
presents the final measured 𝜒R as a function of the final applied 𝑉G for 
IGP on both Pd bulk foils (hollow circles) and Pd thin films (filled cir-
cles). This behavior reflects the time evolution of 𝜒R displayed in Fig. 2
and is similarly attributed to a rising H concentration with increasing 
𝑉G. To validate this attribution, we exploit previous studies that have 
quantified the correlation between 𝜒R and 𝑥. This enables us to asso-
ciate an 𝑥 content to each value of 𝜒R. Fig. 5b summarizes the 𝜒R − 𝑥

data obtained from a selection of key studies (symbols) that demon-
strate this correlation for bulk Pd [60–63]. It is important to note that 
the data from Ref. [62] were measured at 273 K, while all other datasets 
were acquired at 295 K. To ensure consistency across all studies, a tem-
perature correction procedure, detailed within Appendix A, is applied 
to this specific dataset. Following a similar approach to Zhang et al. 
[60], a fourth-order polynomial fit is performed on the data presented 
in Fig. 5b. This fitting procedure yields the following empirical relation-
ship between 𝜒R and 𝑥:

𝜒R = 𝑎+ 𝑏𝑥+ 𝑐𝑥2 + 𝑑𝑥3 + 𝑒𝑥4 (1)

where 𝑎 = (1.023±0.015), 𝑏= (1.2±0.3), 𝑐 = (−3.3±1.1), 𝑑 = (9.9±1.7)
and 𝑒 = (−7.7 ± 0.8). This equation is shown as the solid red curve in 
Fig. 5b. This established relationship allows us to solve for the unknown 
H concentration 𝑥 associated with the measured 𝜒R values for bulk Pd.

However, before directly solving this equation, an adjustment is nec-
essary to account for the thickness-induced deviation of the 𝜒R − 𝑥 re-
lationship from the bulk behavior exhibited by our thin-film data (filled 
circles in Fig. 5a) [75,76]. Direct calculation of 𝜒R without thickness 
adjustment would lead to erroneous estimations of H concentration. To 
address this issue, we follow Refs. [75,76] that showed that the reduced 
thickness of Pd thin films primarily introduces a uniform suppression 
in the 𝜒R − 𝑥 curve compared to Pd bulk samples, without altering its 
overall shape. To account for this effect in the determination of 𝑥 in our 
gated thin films, we employ a linear transformation to map the mea-
sured film 𝜒R, film onto the desired 𝜒R, bulk. This transformation can be 
expressed as:

𝜒R, bulk(𝑥) =𝑚 ⋅ 𝜒R, film(𝑥) + 𝑞 (2)

where the parameters 𝑚 and 𝑞 are determined to preserve the intrinsic 
shape of the curve.

A first condition on 𝑚 and 𝑞 is given by the definition of 𝜒R , which 
at 𝑥 = 0 gives 𝜒R, bulk(0) = 𝜒R, film(0) = 1 and thus:

𝑚+ 𝑞 = 1 (3)

A second condition on 𝑚 and 𝑞 is obtained by ensuring that the peak 
position remains unaffected by the transformation, which holds if:

𝜒R,bulk, max =𝑚 ⋅ 𝜒R,film, max + 𝑞 (4)

where 𝜒R,bulk, max is the maximum value obtained from Eq. (1) and 
𝜒R,film, max is the maximum 𝜒R value derived from each specific IGP 
process (see Fig. 2b).

Combining Eq. (3) and Eq. (4) finally yields:

𝑚 =
1 − 𝜒R, bulk, max

1 − 𝜒R,film, max
(5)

which in turn enables the subsequent application of Eq. (1).
It is necessary to point out that the polynomial Eq. (1) yields two 

distinct real solutions for 𝑥 at a given 𝜒R value, with the exception of 
the maximum point of the curve. To discriminate between these two so-
lutions and ensure a unique mapping, we consider the time evolution 
of 𝜌 during each IGP process, as exemplified in Fig. 2: Specifically, we 
determine whether each given 𝜒R value was attained on the ascending 
or descending branch of each 𝜒R vs time curve. Knowing the position 
relative to the maximum point allows us to discard one of the two 
solutions derived from the equation, thereby achieving a one-to-one cor-
respondence between 𝜒R and 𝑥. The uncertainty on this procedure was 
determined from the inherent variability observed in the literature data 
used to establish the equation linking 𝜒R with 𝑥 (as displayed in Fig. 5b). 
Therefore, for each value of 𝜒R, we calculated the semi-difference of the 
𝑥 spread of the data points presented in Fig. 5b. This semi-difference 
was subsequently assigned as the uncertainty of the 𝑥 value obtained by 
solving Eq. (1) for the given value of 𝜒R. The results obtained using this 
indirect approach for the determination of the H concentration are pre-
sented in Fig. 5c, plotted as a function of the final value of 𝑉G reached 
during each IGP process.

4.2. Validation of the indirect H estimation

The indirect method employed for the estimation of the H concen-
tration using the 𝜒R − 𝑥 correlation is susceptible to systematic errors. 
To ensure the validity of these results, an independent validation is cru-
cial. To this end, we exploit the anomaly observed in the 𝜌 − 𝑇 curves 
of PdH𝑥, since the temperature 𝑇a at which it appears monotonically in-
creases with increasing H concentration for 𝑥 > 0.6 [10,58,65,95]. For 
each 𝜌− 𝑇 curve measured in our gated Pd samples, we independently 
determine the corresponding value of 𝑇a as the position of the local max-
imum and the value of 𝑥 using the previously-described method based 
on 𝜒R. Specifically, 𝑇a was determined by a parabolic fitting procedure: 
For samples with H concentrations 0.5 ≤ 𝑥 ≤ 0.8, each 𝜌 − 𝑇 curve ex-
hibited a clear local maximum within the 40−100 K temperature range 
so that a parabolic function of the form 𝜌(𝑇 ) = 𝑎+ 𝑏 ⋅ (𝑇 − 𝑇max)2 could 
be directly fitted to the data surrounding the local maximum. For sam-
ples with H concentrations 𝑥 < 0.5 or 𝑥 > 0.8, a discernible anomaly 
persisted within the 𝜌− 𝑇 curves but deviated from a simple local max-
imum, manifesting instead as a pronounced shoulder superimposed to 
the overall metallic trend. In these curves, a background subtraction was 
employed to effectively remove the underlying metallic contribution. 
This process transformed the shoulder into a more distinct peak, which 
was subsequently analyzed using the previously described parabolic fit-
ting procedure. In all cases, the parameter 𝑇max, along with its associated 
uncertainty, was then taken as the estimated value of 𝑇a .

Fig. 5d presents a comparison between our resulting 𝑇a − 𝑥 data 
points (filled red circles) and the data extracted from a representative 
study by Araki et al. [58] (hollow black circles). An excellent agreement 
is observed between our findings and those of Ref. [58] where 𝑇a was 
determined to remain constant upon increasing 𝑥 up to the concentra-
tion marking the phase boundary between so-called 𝛼 + 𝛽 and pure 𝛽
phases of PdH𝑥, followed by a linear increase in the pure 𝛽 phase [95].

Fitting the data of Ref. [58] to this model (dashed black lines in 
Fig. 5d) yields a constant temperature of 53.8±1.2 K up to 𝑥 = 0.65 and 
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Fig. 5. Determination of the hydrogen concentration in gated Pd samples. (a) Resistivity ratio 𝜒R as a function of the final applied gate voltage 𝑉G for both 
bulk foils (hollow circles) and thin films (filled circles) after each IGP process. The adopted color code matches that used in Fig. 3. Grey dashed lines are guides to 
the eye. (b) Empirical correlation between 𝜒R and the hydrogen (H) content 𝑥 based on key studies from the literature. Symbols are the data adapted from Refs. 
[60–63]. The solid red curve is the fit to Eq. (1). (c) 𝑉G dependence of 𝑥 for gated bulk foils (hollow circles) and thin films (filled circles) indirectly derived from 
the 𝜒R values shown in panel (a). Grey dashed line is a guide to the eye. (d) Characteristic temperature, 𝑇a, of the anomaly observed in the 𝜌− 𝑇 curves of PdH𝑥 as 
a function of 𝑥. Filled red circles are the data obtained in the present study, hollow black circles are the data adapted from Ref. [58]. Dashed lines are linear fits to 
the two data sets as discussed in the main text.

𝑇a = −22 ± 6 K + 𝑥(116 ± 7 K) for 𝑥 > 0.66. Assuming a similar behav-
ior for our system and repeating the fits (dashed red lines in Fig. 5d), 
we observe a constant temperature of 53.8± 1.6 K up to 𝑥= 0.69, while 
the relationship 𝑇a = −23± 10 K + 𝑥(116± 14 K) well approximates our 
data for 𝑥 > 0.69. This finding is consistent with Ref. [58] within the re-
ported uncertainties, confirming the reliability of the indirect method 
employed for the determination of the H concentration in our gated Pd 
samples. 

4.3. Evaluation of the DES performance

The robustness of the methods we employed for the determination of 
the H concentration in our gated Pd samples allows for a reliable inter-
pretation of the trend observed in Fig. 5c. A clear positive correlation is 
evident between the concentration of injected H and the gating voltage 
exceeding the cathodic limit of the DES. Notably, the H concentration 
exhibits a sharp rise at low 𝑉G ∼ 2 − 3 V, followed by a continuous but 
slower increase at higher 𝑉G > 3 V. This efficient H loading without ap-
parent damage to the Pd sample is observed up to a maximum 𝑉G = 12
V, above which rapid device degradation sets in. Upon the application 
of this maximum 𝑉G for approximately 2 hours, a maximum H concen-
tration 𝑥 = 0.85 ± 0.03 was obtained in the Pd bulk foils. Downscaling 
the volume of the Pd sample allowed the further enhancement of the 

H concentration up to 𝑥 = 0.89 ± 0.03 in the Pd thin films. We now 
compare the efficiency of our DES-based protonation method with a se-
lection of results from the literature as summarized in Table 1, which 
reports the maximum H concentration attained in different materials 
via electrochemical loading. Taking into account the loading-dependent 
unit cell volume of PdH𝑥 [104], our method attains a maximum H 
concentration of ≈ 5.3 × 1022 H cm−3. When compared to existing elec-
trochemical synthesis routes for PdH𝑥, this value is comparable with 
the best results obtained exploiting HCl-based electrolytes (≈ 5.3 × 1022
H cm−3) [61,63] and reaches more than ≈ 91% of those exploiting 
H2SO4-based electrolytes (≈ 5.8×1022 H cm−3) [58,62]. When one con-
siders H loading attained via gate-driven protonation with ionic liquids 
on other materials, our method demonstrates a ≈ 70% improvement 
over the best values attained both on protonated oxides (≈ 3.1 × 1022
H cm−3) [17,18,21,22,24,29,35] and transition metal dichalcogenides 
(≈ 3.0 × 1022 H cm−3) [28]. 

Based on previous studies, we expect PdH0.89±0.03 to exhibit a su-
perconducting transition with a mid-point critical temperature between 
1.9 K and 4.3 K [59]. However, this behavior is not observed in our 
experiment: As shown in Fig. 4, although we detect the onset of a su-
perconducting transition at 1.9 K (defined as when the 𝜌 − 𝑇 curve 
at zero field appreciably deviates from the one measured at 𝐵 = 150
mT), a clear mid-point is absent even at temperatures as low as 0.35 
K. We attribute this discrepancy to significant inhomogeneity in the 
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Table 1
Summary of the maximum H concentrations attained in different compounds via electrochemical loading. 
Where not already explicitly stated in the corresponding references, the concentrations have been obtained 
by dividing the stoichiometries by the cell volumes. All cell volumes are reported per formula unit.

Compound Electrolyte Stoichiometry Cell volume H concentration Ref. 
Å3 H cm−3

Pd Choline chloride:glycerol 1:3 PdH0.89 16.85 [104] 5.3 × 1022 This work 
Pd 1 N HCl solution PdH0.70 16.46 [104] 4.2 × 1022 [61] 
Pd 1 N HCl solution PdH0.89 16.85 [104] 5.3 × 1022 [63] 
Pd 5.25 mol/l H2SO4 solution PdH0.88 16.89 [104] 5.2 × 1022 [58] 
Pd 0.1 N H2SO4 solution PdH0.99 16.98 [104] 5.8 × 1022 [62] 
Co GdO𝑥 solid-state electrolyte CoH0.1 11.14 [105] 0.9 × 1022 [21] 
WO3 DEME-TFSI ionic liquid H0.35WO3 110 [18] 0.3 × 1022 [18] 
SrRuO3 Ionic liquid (not specified) H1SrRuO3 62.5 [24] 1.6 × 1022 [24] 
SrFeO2.5 HMIM-TFSI ionic liquid H1SrFeO2.5 60.3 [35] 1.7 × 1022 [35] 
SrCoO2.5 EMIM-BF4 ionic liquid H1.14SrCoO2.5 61.53 [17] 1.8 × 1022 [17] 
SrCoO2.5 DEME-TFSI ionic liquid H2.2SrCoO2.5 65.1 [22] 3.1 × 1022 [22] 
NiCo2O4 DEME-TFSI ionic liquid H1.86NiCo2O4 71.39 [29] 2.6 × 1022 [29] 
TiSe2 EMIM-BF4 ionic liquid H2TiSe2 65.7 [28] 3.0 × 1022 [28] 

H concentration within the Pd film, which likely broadens the transi-
tion. In particular, secondary-ion mass spectroscopy measurements in 
protonated oxide films [18,20,23–25] showed that the gate-driven H 
concentration may be peaked close to the film surface and then decrease 
deeper within the bulk. If such a distribution were to occur in our Pd 
films, the superconducting state might be attained only in a thin surface 
layer and might be non-percolating, thereby resulting in the observed 
incomplete resistive transition. Developing a method to improve the ho-
mogeneity of the H concentration would therefore be highly beneficial 
towards the synthesis of high-quality samples of H-based superconduc-
tors and other functional materials. In this context, we envisage that 
the primary parameter to optimize is the ionic diffusivity during the 
gate-driven protonation, within both the gate electrolyte and the proto-
nated material. The former can be improved by decreasing the viscosity 
of the electrolyte and increasing its ionic conductivity [53]; the latter 
chiefly by increasing the temperature at which the gate-driven proto-
nation process is carried out [26,29,33,34,106]. However, care must be 
taken since other electrochemical processes – including electrolyte dis-
sociation and potential etching of the gated material [17] – would be 
promoted as well by the temperature increase, which might require the 
design and usage of DESs suitable to operate under such conditions.

At this end, we can outline the following guidelines for the design of 
a DES with improved performances for the synthesis of H-rich materials 
via gate-driven protonation. Such a DES should exhibit the following 
properties:

1. A high density of protons available for gate-driven injection.
2. A low viscosity to attain a large ionic conductivity and improve the 

homogeneity of the H transfer from the electrolyte to the material.
3. A low threshold voltage for the release of free H, so that the gate 

voltage can be kept low to minimize damage to sensitive materials.
4. A large electrochemical window against electrochemical processes 

other than the release of H, to minimize undesired electrochemical 
interactions with the material and enable the application of large 
voltages to stabilize phases with high H concentrations.

5. A wide temperature range where the DES is liquid, both above and 
below room temperature, to allow for fine tuning of the protonation 
process by optimizing the processing temperature.

5. Conclusions

In this work, we demonstrated the feasibility of employing a deep 
eutectic solvent choline chloride:glycerol 1:3 as a gate electrolyte for 
efficient H loading into Pd via ionic gating-induced protonation. The ef-
fect of the applied gate voltage on H uptake was evaluated by monitoring 
changes in the electrical resistivity of the gated Pd samples. A custom 
analysis method was employed to indirectly quantify the H concentra-

tion attained following each protonation process, evidencing a positive 
correlation between applied gate voltage and H uptake within the Pd 
lattice. This trend was evident in both Pd foils and films. Notably, at the 
maximum gate voltage of 12 V explored in this study, this straightfor-
ward technique resulted in H concentrations potentially sufficient for su-
perconductivity to emerge. Nevertheless, only partial superconducting 
transitions were detected, probably due to the inherent inhomogeneity 
in H distribution within the Pd samples. While this protocol was tai-
lored for Pd, selected here as a test material, it can potentially serve as a 
guideline for future IGP studies on various materials, including those of 
interest for hydrogen storage, high-temperature superconductivity, and 
spintronics.
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Appendix A. Temperature correction for 𝝌𝐑(𝒙)

Since most of the representative studies depicted in Fig. 5b map the 
dependence of 𝜒R on 𝑥 at 295 K, it is essential to extrapolate the data 
from Flanagan et al. [61], originally obtained at 273 K, to this common 
temperature to enable comparative analysis. Assuming a linear relation-
ship between 𝜌 and 𝑇 in this range, the expression for 𝜒R as a function 
of 𝑥 at 295 K can be derived as follows:

𝜒R(𝑥,𝑇 ) =
𝜌(𝑥,𝑇0)

[
1 + 𝛼𝑃𝑑𝐻𝑥

(𝑇 − 𝑇0)
]

𝜌(0, 𝑇0)
[
1 + 𝛼𝑃𝑑 (𝑇 − 𝑇0)

] (A.1)

where 𝑇 = 295 K, 𝑇0 = 273 K and 𝛼𝑃𝑑𝐻𝑥
and 𝛼𝑃𝑑 are the temperature 

coefficients of the resistivity for PdH𝑥 and Pd, respectively. Solving this 
equation requires an analytical expression for 𝛼𝑃𝑑𝐻𝑥

as a function of 
𝑥. Since the 𝛼𝑃𝑑𝐻𝑥

− 𝑥 data from Ref. [61] exhibit a linear trend, a 
linear interpolation of these data points is performed, resulting in the 
expression 𝛼𝑃𝑑𝐻𝑥

(𝑥) = (43 − 37𝑥) × 10−4 K−1. Substituting it into Eq. 
(A.1) and setting 𝛼𝑃𝑑 = 𝛼𝑃𝑑𝐻𝑥

(0), we obtain the final relationship for 
extrapolating the 𝜒R(𝑥) data from Ref. [61] to 295 K.

Data availability

Data will be made available on request.
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