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Abstract 

The Pd hydride (PdHx) is a typical system to study the fundamentals of solute intercalation and 

phase transformations or to determine the effect of strain on the rate of electrocatalytic 

reactions. A crucial methodological aspect, however, involves quantitatively determining the 

hydrogen-to-palladium atomic ratio (H:Pd) under experimental conditions where various 

incidental contributions to the total electrode charge are comparable to the charge spent for H 

adsorption/absorption and desorption. This is the case for electrodes with relatively low (dozens 

of g/cm2) loadings of Pd on various porous supports, typically used to study the oxidation of 

small organic molecules or the reduction of oxygen in acidic or alkaline fuel cells. Ultra-low 

Pd loadings (often in the range of a few g/cm2) are also typical for Pd nanoparticles on smooth 

supports, which are commonly considered as model systems for in situ structural studies of 

hydrogen sorption. To determine accurately the H content in Pd particles, we propose a 

technique based on analysis of charge disbalance at anodic and cathodic scans of a cyclic 

voltammogram, and also address the contribution of adsorbed H. To illustrate the possibilities 

and limitations of this technique, we present the voltametric study of thin electrodeposited Pd 

layers on glassy carbon and of a carbon-supported Pd catalyst. 
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1. Introduction 

Electrochemical techniques are widely used in the studies of the famous hydrogen-palladium 

(H-Pd) system starting from 1950s [1–3], despite their application is limited to a narrow 

temperature interval. Originally seen advantage was not only a high accuracy of coulometric 

determination of the hydrogen-to-palladium atomic ratio (H:Pd), but also a possibility to 

determine the equilibrium quantities, namely the Gibbs energies of palladium hydrides (PdHx) 

formation, directly from easily measured electrode potentials [1]. However, achieving 

equilibration of the Pd electrode in the vicinity of the α-β phase transition is challenging due to 

the observed hysteresis [4]. Galvanostatic technique with the current being intermittently 

interrupted, initially named ‘equilibrium charging curves’ (see p. 363-375 in review [3]) allows 

to obtain quasi-equilibrium H sorption isotherms for dispersed Pd over extended periods, often 

lasting several hours. The limitation of this technique comes from unavoidable presence of 

residual oxygen in solution. Moreover, to achieve a target adsorption/absorption-desorption 

charge significantly surpassing that associated with the by-side oxygen reduction reaction 

(ORR), a minimum of several dozen mg of Pd is necessary for electrodes of typical (ca. 1 cm2) 

size dimensions. This is possible with Pd black, but not with Pd nanoparticles, especially for 

low (dozens of g/cm2) loadings typically used for electrocatalysis. 

The same problem arises for high amplitude potentiostatic techniques, which assume saturation 

of Pd with H, and subsequent anodic extraction of H at high electrode potential: if the amount 

of Pd is low, the by-side charge spent for ORR can affect the result dramatically, particularly 

for the α-phase, characterized by its low H:Pd ratios. As an illustration, noteworthy negative 

H:Pd ratios were reported [5] for a 50 nm Pd film (loading of ca. 60 g/cm2), which indicates 

that the cathodic ORR contribution exceeded the anodic charge for H extraction. Surely the 

coulometry under high amplitude potential step is a powerful technique if applied to bulk 

metallurgical Pd samples, to say, Pd foils [1]. In addition to H:Pd ratios, this technique provides 

information on the movement of the boundary of - and -phases inside the foil saturated from 

one side [6]. However, this technique is unable to address equilibrium slowly establishing in 

the vicinity of    phase transition [7]: the plateau in resulting isotherm is shifted to 

’absorption’ side of the hysteresis loop (see Figure S3b in our recent article [8]).  

H extraction after potentiostatic saturation can be also done voltammetrically, in a single linear 

sweep (whereas cyclic voltammetry considered below is rarer). Combined technique of H 

extraction was also reported [4] (linear sweep up to ~0.5 V vs. reversible hydrogen electrode 

(RHE), and then potentiostatic extraction of residual H at the same potential). An evident 

advantage of voltammetry is the possibility to use the dependence on potential sweep rate for 

distinguishing Faradaic contributions from adsorption, absorption and desorption contributions. 

The former is generally independent of the potential sweep rate.  

The lowest Pd loading for which Pd-H voltammetry can be found is 2 – 10 g/cm2 [9] (2-4 nm 

size Pd particles evaporated on glassy carbon [9]), which can be considered as ultra-low [10]. 

Most known electrochemical studies are related to essentially higher loadings. Thus, in the same 

period, initially inspired by discussion of ‘cold fusion’ [11], an extensive series of works on 

voltammetric quantification of H in Pd was started by Czerwinski group (the interested reader 

is referred to review [12]). This group names their electrodeposited 0.1 – 10 m thick Pd layers 

on gold (roughly 0.1 – 10 mg/cm2 loadings) the ‘limited volume electrodes’, assuming that 

usual samples of metallurgical Pd, e.g. foils, are of much higher volume. Bartlett and co-authors 

[13,14] studied Pd films with regular arrays of pores (0.2– 1 mg/cm2 loadings, specific surface 



4 
 

area of ca. 90 m2/g) fabricated by liquid crystal templated deposition. Latroche’s group 

published very carefully done experiments [15,16] for Pd nanoparticles on high surface area 

carbon support, using Pd loadings of ~ 1-2 mg/cm2. Comparative voltammetry for Pd foil and 

Pd deposited on gold (very wide range of loadings, starting from ca. 1.5 g/cm2) was reported 

by Lasia and co-workers [17,18]. 

In the majority of these works, the authors attempted to obtain H:Pd ratio at rather low sorption 

potentials, including negative RHE potentials. However, in these conditions, H adsorption, H 

absorption and hydrogen evolution processes are interfering, possibly leading to erroneous 

results if the latter contribution is essential. In this study, by limiting the lower potential limit 

to 0.02 V vs. RHE, we avoid the evolution of molecular hydrogen (H2) gas and get quantitative 

insights into the contribution of dissolved H2 that is generated at positive RHE potentials. The 

later process was noticed earlier [18–20] and described as H adatoms recombination. We accent 

contribution of this process to cathodic charge. As for its effect on anodic charge resulting from 

dissolved H2 oxidation, the amount of H2 formed at positive RHE potentials is much lower than 

under gas evolution conditions.  

In what follows, we demonstrate that cathodic contribution of this Faradaic reaction, even at 

positive RHE potentials, should be addressed systematically in case of low Pd loadings and low 

enough sweep rates. To the best of our knowledge, this contribution has not been quantitatively 

discussed in numerous studies of the H-Pd system. Its significance is particularly pronounced 

in in situ studies involving small Pd particles, which commonly use low (a few dozens of 

g/cm2) to ultra-low (a few g/cm2) loadings. 

 

2. Experimental 

For solutions and electrodes preparation, H2SO4 (Suprapur, Merck), HCl (Suprapur, Merck), 

PdCl2 (99.999 %, Acros Organics), CuSO4 (Puratronic, Thermo Scientific), 5 wt. % Nafion 

solution (Electrochem. Inc.), and Milli-Q water (Millipore, 18.2 M cm, total organic 

compounds < 3 ppb) were used. 

 

A Pd/Vulcan XC72 catalyst (Pd/C) with a nominal Pd weight fraction of 40 wt.%, mean 

particle diameter ~ 4 nm (Figure S1) was purchased from Premetek (item P30A400) and used 

as-received. The catalytic suspensions were prepared by ultrasonically mixing 8.2 mg of Pd/C 

catalyst powder (36.7 wt.% Pd, as precisely measured by inductively-coupled plasma mass 

spectrometry (ICP-MS)), 11 μL of 5 wt.% Nafion solution, 1446 μL of isopropanol and 3.6 mL 

of Milli-Q water. A 10 µL aliquot of ultrasonically-treated catalytic suspension was deposited 

onto a glassy carbon (GC) disk. Disc area was 0.196 cm2, yielding a catalyst loading of ca. 

30 µgPd/cm² (more precisely measured by ICP−MS after experiments, see below). A heat gun 

was used to evaporate the Nafion solvents, isopropanol and water.  

 

All measurements were done at room temperature (typically 20  2°C). All potentials reported 

below are reported in RHE scale. RHE were filled with either 1 M HCl, or 0.5 M H2SO4 

solutions, depending on the composition of the working electrolyte. 

Pd electrodeposited samples (ED Pd) were prepared by means of potentiostatic 

electrodeposition from 1 wt.% PdCl2 + 1 M HCl bath on anodically pre-oxidized GC disk of 

0.283 cm2 geometric area. The same deposition bath was also used in some studies of 
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Czerwinsky’s group [21,22]. The deposition cell was equipped with a round counter electrode 

(Pt foil, ca. 12 cm2) symmetrically located in parallel to GC surface in the same compartment. 

The home-made RHE (‘close compartment’ design) was a cylindric glass container of ca. 2 mL 

volume, with a Pt wire soldered at the top and stretched along internal part of the container. 

From the opposite side of the container, ca. 1 mm diameter opening was located, which served 

for the contact with external solution. RHE was charged under constant voltage mode, to 

accumulate H2 gas in the upper part of the container: about a half of wire was finally located in 

the gas phase, and another one in solution saturated with H2. This procedure allowed to keep 

stable zero RHE potential for at least 12 h. RHE was connected with the working electrode 

compartment via a Luggin capillary.  

The support pre-treatment (5 min at 2 V in 0.5 M H2SO4 solution [23]) favours higher 

concentration of nucleation centres and improves Pd adhesion, but also increases the risk of 

electroless deposition. To avoid the formation of rather large Pd crystals, GC electrodes were 

immersed in palladium chloride bath under polarization at 0.8 V, with subsequent potential step 

to either 0.07, or 0.2 V deposition potential. This resulted in formation of two different 

morphologies, as shown in Figure S2. Current efficiencies were ~95 and ~100% for indicated 

deposition potentials, respectively. The samples with 2.5 – 35 g/cm2 loadings (corresponding 

to effective thicknesses of approximately 2 to 30 nm) were fabricated using deposition charges 

of up to 20 mC. In contrast to higher charges, this enabled fabrication of mechanically stable 

samples without peeling, and with a homogeneous morphology, as confirmed by scanning 

electron microscopy both after deposition and following subsequent electrochemical 

experiments. 

The exact Pd loading in both Pd/C and ED Pd was determined using a PerkinElmer NexION 

2000 ICP-MS. For the former material, a given mass of Pd/C nanocatalyst was precisely 

weighted and dissolved using microwave-assisted digestion (Mars 6, CEM corporation, 

EasyPrep Plus vessels). In detail, 3 mg of catalyst powder or 30 µL of catalytic ink were 

dissolved at 220°C in 10 mL of aqua regia (HNO3:HCl 2:3). The obtained solutions were diluted 

with Milli-Q water, up to the final 50 mL volume. ED Pd samples (up to 10 g Pd content) after 

electrochemical experiments were dissolved in 5 mL of concentrated HCl with addition of ca. 

0.3 mL concentrated HNO3. The solutions were diluted with Milli-Q water, up to the final 20 

mL volume. Calibration curves were obtained with standard solutions, containing Pd at 

concentrations of 0, 5, 10, 20 and 50 µg L-1, freshly prepared from mono element ICP standard 

solution (1000 mg L-1, Carl Roth GmbH) and diluted with a 0.1 M HNO3 solution. Rhodium 

was used as an internal standard. 

Palladium electrodeposits tend to relax very slowly under about a dozen of subsequent potential 

cycles with 0.02 V cathodic limit at sweep rates of ~0.1 mV/s and lower. Relaxation is 

accompanied by the narrowing of the phase transition hysteresis, as well as by microstructural 

transformations as confirmed by X-ray diffraction experiments. We shall address this 

interesting phenomenon in a separate communication. Somewhat similar phenomenon was 

observed for much thicker deposits and much faster (10 mV/s) sweep rates in earlier studies 

[22,24], albeit with a significantly higher number of cycles. This observation was attributed to 

the emergence of structural defects. In our experiments, no signatures of relaxation were 

observed at sweep rates above 0.1 mV/s. All the data for ED Pd presented below are obtained 

without preliminary slow cycling, and the total number of CVs does not exceed 5, measured 

with subsequent increase of sweep rate. For preliminary stabilization of the interface, we used 
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cycling between 0.07 and 0.8 V, to avoid -phase formation (the subsequent voltammograms 

coincided after 3-5 cycles in this interval). The slowest CVs registered in the beginning and 

after such a series coincide with a reasonable accuracy (peak separation decrease was ca. 1-2 

mV, and characteristic charges remained the same with ca. 2% accuracy). Pd/C-based catalytic 

layers tend to faster relaxation, so the electrodes were cycled between 0.02 and 0.65 V at 5 

mV/s till stable CV was obtained (typically 15-20 cycles), prior to slow cycling. The analysis 

of previously reported data [8] solidly confirms that the total amount of Pd remained consistent 

after cycling. This indicates that no peeling or dissolution takes place in this potential range. 

The voltammetric experiments were conducted using a conventional glass cell equipped with a 

Pt counter electrode (foil of ca. 4 cm² geometric area) and either a commercial (Gaskatel, SKU 

81010, polytetrafluorethylene body) or a home-made RHE connected with working electrode 

compartment via a Luggin capillary. All glassware used in this study was first cleaned with a 

H2SO4:H2O2 (1:1 v/v) solution overnight, then thoroughly rinsed with Milli-Q water. All H 

sorption data were collected in 0.5 M H2SO4 solution de-aerated with argon (Ar, > 99.999 %, 

Messer), and Ar flow above the solution was continued during all experiments. The residual 

oxygen in solution resulted in potential-independent (in the potential range investigated in this 

study, i.e. E < 0.8 V) current of 0.15-0.2 A, and was determined with ca. 5% accuracy from 

the shift of ‘double layer’ region (0.4 V) at slow potential sweep rates. In the plots reported in 

this study, the ORR current was subtracted. All CVs were started from anodic potential limits: 

0.8 V for ED Pd, and 0.7 V for Pd/C that is more prone to dissolution at high electrode 

potentials. 

In the Cu underpotential deposition (UPD) experiments for determining the Pd real surface area, 

a 0.002 M CuSO4 + 0.5 M H2SO4 solution was used. Actually, Cu UPD provides more exact 

values of the Pd real surface area as compared to technique based on O UPD charge [9,13,22], 

because it is much easier to separate UPD response and to specify the background. O UPD is 

useful for bulk Pd electrodes but is less suitable for Pd nanoparticles because high anodic 

potential limit is required. The formation of Cu adatoms on Pd is known to be slow [25] and 

the rate of this process can be accelerated by chloride additives [26]. However, we refrained 

from using chloride additives to prevent Pd dissolution. In our Cu UPD experiments, the anodic 

limit was set at 0.7 and 0.8 V for Pd/C and for ED Pd, respectively and the cathodic limit was 

set to 0.27 V. The accumulation time tCu at this potential was varied in the interval 30 – 600 s. 

The background CV registered in 0.5 M H2SO4 solution was independent of the holding time. 

The charge accumulated during the anodic scan (at a rate of 10 mV/s) subsequent to adatoms 

accumulation is spent for both the desorption of adatoms and the oxidation of Cu+ ions 

generated during the holding period at 0.27 V. Correction for the contribution of Cu+ to the 

anodic charge was performed through linear extrapolation, according to the procedure described 

in Ref. [27]. To estimate the H UPD charge, we used a half of the Cu UPD charge following 

the approach described in Ref. [28]. 

 

3. Results and discussion 

3.1. Interplay of peaks and ‘tail’ 

A typical sequence of CVs for ED Pd (Figure 1) exhibits ‘triangular’ features akin to those 

predicted for a slow phase transition [29,30] if proton discharge and diffusion processes are at 

(pseudo)equilibrium. Nonetheless, a qualitatively similar shape is anticipated in the case of 
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Ohmic contributions, and these contributions cannot be ruled out, given the conceivable 

decrease of PdHx conductivity with x [31]. For ED Pd, additional resistance may also arise from 

the deterioration of the metal bonding to the GC support. However, we note that similar peak 

shape was observed also for Pd on high surface area carbon support [16],which indicates that 

this peak shape is intrinsic to the slow  transition.  

 

Figure 1. A series of CVs measured with subsequently increasing potential sweep rate 

(indicated in the plot) on ED Pd with 23.1 g/cm2 loading (a), and the same series with the 

currents normalized to sweep rate (b). Insets in plot (a) demonstrates CV for 2.4 g/cm2 loading 

at 0.125 mV/s (upper inset) and zoom for the region in which the changes of current sign are 

observed at anodic scan (bottom inset). 

Vorotyntsev and Badiali were the first to predict the distinct voltametric manifestation of slow 

nucleation under phase transition conditions [29]. They developed an analytical theory for the 

recharging of conducting polymers. This concept is broad in scope and can be applied to 

different types of intercalating electrode materials. A straightforward numerical modelling can 

be found in the review article [32], which addresses lithium intercalation into complex oxides 

and accounts for contributions from solid-state diffusion and interfacial kinetics. Both these 

contributions are highly probable for the Pd-H system assuming the low value of H diffusion 

coefficient in the bulk [33] and kinetic limitations at the interface (by strongly adsorbed H) as 

documented in experiments with an inhibitor of H adsorption [14,18]. 

The potential of the middle point between the cathodic and anodic peaks, if they are symmetric 

enough, is 0.057 V, corresponding to ~0.01 atm effective H2 pressure. This value is in a 

reasonable agreement with the equilibrium electrochemical data for ↔-transition plateau [3], 

with equilibrium data obtained by potentiometric titration [34], and with the classical phase 

diagram of Pd-H system at room temperature [35] (~0.06 V). Nevertheless, it is approximately 

0.01 V more positive compared to the phase transition values determined by means of 

voltammetric extraction [12,13]. The rationale remains consistent with that of potentiostatic 

extraction [7,29]: regardless of the extraction mode, desorption cannot be observed under purely 

equilibrium conditions if the phase transition is slow. As a result, the resulting data correspond 

to the 'absorption' branch of the hysteresis loop. In both cases, saturation and extraction 

potentials seem distinct due to the phase transition. We identified a single instance of transition 

observation between 0.05 and 0.06 V [36] for H extraction at a sweep rate of 10 mV/s from a 5 

mg/cm2 Pd/XC-72 electrode. However, considering the too fast sweep rate and the observed 
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decrease in charge during subsequent cycles compared to the 1st cycle, these data can scarcely 

be regarded as quasi-equilibrium.  

Let us also emphasize that no anodic peak preceding H desorption was observed in the CVs 

displayed in Figure 1. This is in contrast to desorption curves measured after saturation at 

negative RHE potentials, [9,37] and reliably confirms that contribution of H2 oxidation is absent 

or minimal. We nevertheless point out that a certain amount of H2 is undoubtedly generated 

during the cathodic scan. This is evident in the data for low Pd loadings at low sweep rates, 

where a distinctive 'tail' is observed near the cathodic limit (Figure 1a, upper inset). This 'tail' 

is partly or completely masked at higher Pd loadings and faster sweep rates, where the 

contribution of H sorption to the total charge is sufficiently high.  

The sweep rate dependence of the current at the cathodic limit (the left edge of the 'tail') is less 

pronounced because, at this potential, Faradaic processes predominate even at high loadings if 

sweep rates are low (Figure 1a). The experiment conducted with very low loading (see Figure 

1a, bottom inset) enables the observation of subtle yet distinct manifestations of the 'tail' even 

at potentials ranging from 0.08 to 0.1 V: the total current undergoes a change in sign in this 

specific region. There is a prevailing belief that H2-related Faradaic processes occur solely at 

negative RHE potentials [37], which holds true for the evolution of H2 bubbles. However, it is 

important to note that the thermodynamic restriction against the formation of dissolved H2 at 

positive RHE potentials does not apply, as long as the H2 concentration does not exceed those 

determined by the corresponding effective H2 pressure. 

In the conditions of our experiments, an equilibrium between H2 in solution and in the gas phase 

is never established. Consequently, the concentration of H2 in solution remains significantly 

lower than the potential equilibrium concentration. It is also interesting to mention that similar 

‘tail’ contribution for colloid Pd nanoparticles could be noticed starting from 0.025 V in Ref. 

[38]. Unfortunately, the loading conditions in this study remain uncertain, as the area of the 

gold support was not specified. It is reasonable to assume that 14 μg of Pd on an electrode of 

standard size corresponds to loadings comparable to or even higher than those investigated in 

our experiments. Additionally, the sweep rate in the referenced study was higher, resulting in 

an essential part of the ‘tail’ remaining invisible. 

Last, we emphasize that for higher loadings/sweep rates cathodic currents can be observed 

during the anodic scan only when the potential is below approximately 0.05 V. Between 

approximately 0.07 and 0.1 V (refer to Figure 1a, bottom inset)), cathodic currents are also 

evident for lower loadings/lower sweep rates. The middle section of the 'tail' exhibiting these 

currents remains invisible, as the cathodic Faradaic process is obscured by anodic desorption 

of significant amounts of H in the phase transition region. Precise reconstruction of this feature 

is impractical, as it cannot be straightforwardly used as a 'background' for subtraction. Even the 

visible portion of this 'tail' contains contributions from cathodic H absorption, persisting across 

the overall potential range, not solely within the cathodic peak region. This persistence is 

attributed to the continued saturation of the β-phase, whose composition is potential-dependent, 

occurring after the phase transition. At higher sweep rates, saturation extends into the initial 

part of the anodic scan, as previously hypothesized [39]. This is closely related to the problem 

of uncertainty which was noticed in the study of 1-2 m thick Pd layers on titanium supports 

[39]: how to account for cathodic current in anodic scan? For lower Pd loadings, the problem 

becomes really dramatic. Consequently, we seek a less direct approach to account for the 

Faradaic process, as elaborated below. 
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3.2. Charge disbalance and H:Pd ratio 

Hypothetically, one can consider the traditional approach to separate the processes 

demonstrating different sweep rate dependences by means of extrapolation to either zero, or 

infinite sweep rate. However, we cannot access wide enough sweep rate interval experimentally 

because of inaccuracy of correction for ORR at very low sweep rates, and obviously incomplete 

H absorption at high enough sweep rates. Moreover, quantitatively, both limitations depend on 

Pd loading. In what follows we present a more or less universal approach for quantifying the 

H:Pd ratio in conditions characterized by a slow phase transition. Importantly, this method 

eliminates the need for extrapolation and is applicable across various Pd loadings.  

Our methodological approach is based on electrical charge vs. potential loops obtained by 

integration of CVs (Figure 2) which include non-matching charge vs. potential curves for 

cathodic and anodic sweeps. These loops cannot be automatically considered as hysteresis 

induced by phase transition, as discussed in respect to critical phenomena [4]. Instead, the loops 

always present an interplay of hysteresis related to absorption phenomena, and the contributions 

from Faradaic process. Correspondingly, the shape of the loop becomes an important step of 

diagnostics of the latter contributions. 

As depicted in Figure 2, a pronounced charge disbalance between cathodic and anodic charges 

(Qdis) can be noticed. The charge disbalance (shown by vertical arrows in Figure 2a) is higher 

at lower sweep rates for any loading, and roughly proportional to the reciprocal of the sweep 

rate v (Figure 3a): visible deviations appear only at the slowest sweep rate. Please note that we 

consider the absolute, not relative values of Qdis. Only relative Qdis values were reported earlier 

in the literature: 5% for 0.1 mV/s sweep rate [16], and the same for much higher sweep rates 

[20] (to be precise, this result cannot be compared with cyclic voltammetry directly. This is 

because a combination of two sweeps was applied: anodic sweep after potentiostatic 

polarization, and then cathodic sweep). Although these relative values are seemingly small, they 

do not contradict our observations as they correspond to much higher Pd loadings [16,20], i.e. 

to higher total charge.  

The shape of the loops varies significantly depending on the ratio of adsorption + absorption 

and 'tail' contributions. When the 'tail' predominates, as seen for low loadings (Figure 2a), the 

loop exhibits a less defined shape, making it difficult to determine the width of hysteresis. In 

cases where sorption predominates, especially at higher Pd loadings, the loop at low sweep rates 

displays well-defined parallel anodic and cathodic branches, accompanied by a broader 

asymmetric boot-like feature (as indicated by the red curves in Figs. 2b, c). However, at higher 

sweep rates, even with increased loadings, this feature is not observable due to incomplete H 

absorption. This shape is reminiscent of a phase transition plateau followed by a subsequent β-

phase region, but it is often blurred by the hysteresis. 
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Figure 2. Charge calculated from CVs for ED Pd with the loadings of 2.4 (a), 9.2 (b), 23.1 (c) 

µg/cm2. 𝑄𝑑𝑖𝑠 (vertical arrows) and 𝑄cath
max (open symbols) are shown as an example in Figure 2a.  

Assuming that Qdis is proportional (with certain accuracy) to the reciprocal of sweep rate 1/v 

(Figure 3a), one can assume that this quantity depends mostly on the time spent in the region 

of the ‘tail’, i.e. the rate of H2 generation at any potential is the same at anodic and cathodic 

branches. In what follows, we explore this justified assumption. If this assertion holds true, and 

if the ‘tail’ predominantly contributes to Qdis (in cases where other causes of charge disbalance, 

such as H2 oxidation, hydrogen trapping, and spillover, are either absent or have a negligible 

impact), the charge, denoted as QH, spent for H adsorption + absorption exclusively, can be 

estimated using the Equation 1: 

𝑄H = |𝑄cath
max| −

1

2
|𝑄dis| ,  (1) 

where 𝑄cath
max is the highest observed value of the cathodic charge at this sweep rate (see open 

spheres in Figure 2a as an example). In the frame of the assumptions mentioned above, 

Equation 1 is valid independently of potential at which 𝑄cath
max is achieved. No similar procedure 

can be proposed for voltametric extraction because the cathodic saturation charge remains 

unknown.  
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Figure 3. Sweep rate dependencies of Qdis (a) and H:Pd ratio (b) calculated according to 

Equation 1 for ED Pd with the loadings of 23.1 (solid symbols) and 35.2 (open symbols) 

µg/cm2; Tafel plots of anodic current at the ‘tail’ for various ED Pd samples (color curves) and 

Pd/C sample (black curve) (c). 

The validity of the predominant 'tail' contribution can be assessed by examining the 

independence of the H:Pd ratio on the sweep rate. As illustrated in Figure 3b, the calculated 

QH using Equation 1 yields H:Pd ratios that are indeed independent of sweep rate within a 

specific range, approximately ranging from 0.55 to 0.56. However, at the lowest sweep rate in 

the series (0.125 mV/s), the H:Pd ratios appear to be overestimated, in line with a slight 

deviation of the Qdis vs. 1/v dependence from linearity (depicted in Figure 3a).  

One should also note that at very low sweep rates, Qdis and 𝑄cath
max can closely converge, casting 

doubt on the accuracy of subtraction. The decrease of Qdis at higher sweep rates could stem 

from various factors. There may be an emergence of an additional anodic process, such as the 

oxidation of H2, or the 'tail' current may diminish over time. The latter scenario is plausible if 

H2 molecules accumulate in the solution, thereby increasing effective pressure and subsequently 

reducing overvoltage. In such cases, 
1

2
|𝑄dis| may be lower than the quantity to be subtracted, 

resulting in a higher QH. It is also possible that at the highest sweep rate in this series (2 mV/s), 

the real H:Pd ratio decreases due to incomplete H absorption at the cathodic branch, as 

evidenced by the magenta curve in Figure 1a (2 mV/s) and the loop shapes in Figure 2. 
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Numerous H:Pd ratio values exceeding 0.55 can be found in the literature, primarily 

documented for dispersed Pd materials and discussed in the context of lattice defectiveness. 

Many of them (but not all) were reported for saturation potentials more negative than the zero 

point of the RHE. Consequently, these values may not only be genuinely higher, but also 

overestimated because of by-side contributions. We believe that the proposed approach only 

enables the distinction of anomalously high H:Pd ratios arising from genuine material 

characteristics, rather than from overestimations. This clarification helps to elucidate the role 

of Pd microstructure in its sorption properties. 

The increase of anodic extraction charge at low sweep rate, reaching a subsequent maximum, 

was reported in Ref. [20]. This phenomenon was also qualitatively assigned to H adatoms 

recombination (H2 formation), but this observation corresponds to much higher sweep rates, 

and also to linear (not to cyclic) voltammetry.  

For Pd nanoparticles supported onto high surface area carbon, the data for slow sweep rates are 

rarer in the literature. For instance, a series of CVs starting from 1 mV/s and a CV at 0.1 mV/s 

can be found in Refs. [15] and [16], respectively. The reported values of H:Pd in these works 

for negative (RHE) potential limits do not exceed 0.55 – 0.60. However, they suffer from very 

rough subtraction procedure for H2 oxidation reaction. Voltammetric extraction at 10 mV/s 

[13,14] resulted in a reasonable H:Pd value below 0.6 at positive (RHE) saturation potentials. 

However, the values obtained at more negative potentials seem to be overestimated. Another 

study reported a H:Pd ratio of 0.55 for > 3 nm Pd particles in the vicinity of the RHE zero [9] 

based on CV analysis at a single sweep rate of 30 mV/s. Moreover, numerous values lower than 

0.55 can be found, particularly for small Pd particles/nanoparticles and were attributed to size 

effect (see, e.g. [9]). Considering ‘tail’ contributions (mostly screened), we can anticipate 

underestimated H:Pd ratios if 
1

2
|𝑄dis| is higher than the real ‘tail’ contribution to cathodic 

charge. This suggests that there are other factors contributing to disbalance, aside from the ‘tail’, 

which increase the 𝑄dis value. H trapping and H spillover seem to be the factors of this sort. 

Figure 3c illustrates examples of 'tails' for various samples. These instances were qualitatively 

extracted from CVs, demonstrating the separation of the 'tail' and H absorption peak, 

particularly noticeable at low sweep rates. The separation becomes more pronounced with 

lower loadings. ‘Tail’ currents correlate with the real surface area as determined from Cu UPD 

charge (see below), but not quantitatively. This likely implies that additional contributions of H 

absorption, which depend on the loading and sweep rate, remain essential, at least in some 

cases. However, within a specific narrow potential interval, 0.02 – 0.035 V, the ‘tails’ exhibits 

Tafel behaviour with a slope of 30 – 40 mV/decade. This slope is similar to the reported 37-46 

mV/decade for H2 evolution in the range of 0 to -0.07 V [38] and slightly lower than the value 

reported in classical articles of Hoare and Schuldiner between -0.02 and -0.04 V RHE, 40-42 

mV at comparable pH [2]. The similarity of Tafel plots supports the assignment of the ‘tail’ to 

H2 generation. 

Figure 4 presents a series of CVs featuring various cathodic limits (depicted in plot a) and their 

corresponding charge vs. potential dependencies (depicted in plot b). Sweep rate 0.5 mV/s was 

selected to achieve loops with a significant contribution from phase transition hysteresis, which 

is not possible at slower sweep rates. Simultaneously, this rate ensures complete H sorption, 

which is not achieved at higher sweep rates. An analysis of the charges (Qdis) obtained in this 

series reveals an exponential relationship with the cathodic potential limit, exhibiting a sharp 

slope of approximately 50 mV/decade, as highlighted in the inset of Figure 4b. This finding 



13 
 

can be regarded as additional confirmation of the predominant, though not exclusive, 

contribution of the Faradaic process to the ‘tail’. Given this observation, it is tempting to 

directly subtract the ‘tail’ and extract data for various absorption potentials from a single series 

of curves with a fixed cathodic limit. This procedure parallels the subtraction of steady-state H2 

evolution currents, as described in Ref. [37], and provided inaccurate H:Pd ratios of 

approximately ± 0.1 for loadings around ~25 and ~120 µgPd/cm2. 

 

 

Figure 4. A series of CVs at 0.5 mV/s at various cathodic limits (a), corresponding charges 

(b), and the dependence of Qdis on the cathodic limit for ED Pd with 9.34 g/cm2 loading. 

Instead, H:Pd values for various β-phase potentials can be determined from a series akin to the 

one depicted in Figure 4. At this juncture, a linear H:Pd dependence was observed in the 0.02–

0.04 V interval, albeit with a slope slightly deviating from previously reported slopes of the 

Temkin isotherm [3]. Further studies with various sweep rates are required to refine the isotherm 

more precisely. 

If the observed loops closely resemble real phase transition hysteresis loops to a significant 

degree, they can provide an indication of the potential for an -transition with a certain 

level of accuracy. One can consider the line equidistant from anodic and cathodic branches of 

the loop, or the point equidistant from the anodic and cathodic peaks in slow CVs. However, 

similar to potentiostatic and voltammetric extraction, cyclic voltammetry does not allow for the 

precise determination of equilibrium H:Pd values in the closest vicinity of phase transition, even 

at the slowest available sweep rates. Typical width of the loops, as reported above for a 0.02 V 

cathodic limit, is 25-30 mV at the lowest sweep rate, and the width increases with the sweep 

rate (Figure 2b,c). An interesting observation is the narrowing of the loop when the potential 

of cathodic limit is increased (Figure 4b), i.e. when -phase concentration before the start of 

anodic sweep decreases. This observation allows to assume that the rate of -phase nucleation 

in the -phase is higher for less concentrated -phase. More narrow loops at the same potential 

limits can be observed for certain relaxed ED Pd samples, as we shall report in a separate 

communication.  

For low Pd loadings that do not allow the determination of the loop width, the width of 

hysteresis region can be estimated at not too high sweep rates by considering the difference of 

anodic and cathodic peak potentials. Actually, for the samples/sweep rates exhibiting “well-

shaped” loops, this difference coincides with the loop width within the accuracy of 1-2 mV. In 
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Ref. [16], a peaks separation of approximately 30 mV at a sweep rate of 0.1 mV/s was observed, 

consistent with our typical results. In other articles, faster CVs have been used, and peak 

separation is usually much higher [13,40]. It is important to mention that information on the 

width of phase transition region available from anodic extraction experiments cannot be 

compared with hysteresis loops. Czerwinsky’s works typically did not analyze hysteresis [11], 

and the width of phase transition was estimated by examining the declined region of H:Pd vs. 

potential increase between α and β regions (see recent review [41] for additional list of articles 

of this group). In alkaline solutions, under conditions of simultaneous cation intercalation [24], 

the phase transition region was found to be considerably wide.  

Another study reported a relatively narrow transition (~20 mV) for electrodeposited Pd 

templated by liquid crystal [13], i.e. for mesoporous material with ~3 nm characteristic size. 

This is in line with our observation of slightly wider hysteresis for Pd electrodeposited at 0.2 V, 

exhibiting larger crystal size (Figure S2a, b), compared to ED Pd fabricated at 0.07 V (Figure 

S2c, d). However, the comparison of crystallite sizes is complicated by shape differences, and 

the influence of deposition potential on hysteresis width for non-relaxed ED Pd is relatively 

small for systematic discussion. Basically, it is reasonable to assume that a decrease in size 

promotes a narrower hysteresis because the slow nucleation during the phase transition is linked 

to intercalate diffusion [32].  

3.3. Electrodeposited Pd (ED Pd) versus Pd/C 

The same cyclic voltammetry-based approach was applied to the commercial Pd/C catalyst 

featuring significantly smaller particles. Multiple CVs were recorded at varying sweep rates 

ranging from 60 µV/s to 10 mV/s (Figure 5a), revealing qualitatively similar trends as observed 

for ED Pd (Figure 1). Notably, 'tails' were discernible only at the lowest sweep rates, as 

illustrated above in the example in Figure 3c (black curve). From integration of CV curves, 

Qdis and 𝑄cath
max values were determined, as depicted in the corresponding charge vs. potential 

dependencies in Figure 6b. 
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Figure 5. A series of CVs measured with subsequently increasing sweep rate (indicated in the 

plot) on Pd/C with 33.1 gPd/cm2 loading (a), charge disbalance (b), and H:Pd ratio (c) 

calculated according to Equation 1. 

Sweep rate dependence of Qdis (Figure 5b) appear to be linear, excluding two points for the 

slowest sweep rates 60 and 120 µV/s, giving a chance for identical ‘tail’ currents at least at all 

other sweep rates in a series. The H:Pd ratios, calculated according to Equation 1 (Figure 5c) 

demonstrated sweep rate independence in a wider interval as compared to ED Pd (Figure 3b). 

Specifically, a H:Pd value of 0.54 was obtained for sweep rates comprised between 250 µV/s 

and 1 mV/s. The lower H:Pd values obtained for sweep rates of 2 mV/s and higher can be 

explained by incomplete H absorption, akin to what was observed for ED Pd. This hypothesis 

is supported by the shape of faster CVs in the vicinity of the cathodic limit (Figure 5a). Higher 

H:Pd at two lowest sweep rates correlate with the appearance of non-linearity of Qdis vs. 1/v 

dependence (Figure 5b). This non-linearity suggests non-applicability of Equation 1 under 

these conditions. 

To compare the behaviour of ED Pd and Pd/C at various sweep rates, we present hysteresis 

loops for similar loadings in Figure 6a and Figure 6b, respectively. It is obvious that the 

hysteresis is narrower for Pd/C, and its width increases with the sweep rate for both types of 

materials (Figure 6c). The charge vs. potential curves displayed in Figure 6a do not allow to 

distinguish the region of H absorption in the -phase, as it mostly screened by a wide hysteresis 

loop. Simultaneously, this region is quite visible in Figure 6b for 0.25 – 1 mV/s sweep rates, 

as indicated by the declined loop at 0.02 – 0.05 V. Another important feature of these curves is 
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the quasi-vertical shape of the loop near phase transition, reminiscent of the plateau in 

equilibrium absorption-desorption curves [3]. In general, the behaviour of Pd/C electrodes 

seems to be closer to equilibrium as compared to ED PD, especially for similar Pd loading and 

sweep rates, confirming that the faster diffusion in smaller Pd particles correlates with an 

increase in the rate of phase transition. 

However, the observed difference of the curves in Figs 6a and 6b cannot be solely attributed to 

differences in particle sizes because Pd/C underwent relaxation during preliminary cycles, 

whereas ED Pd did not experience a similar relaxation. The pre-treatment of Pd/C was deemed 

necessary due to its quicker relaxation rate, preventing the acquisition of a sufficient number of 

initial cycles for non-relaxed material. For thoroughly relaxed ED Pd deposited at 0.07 V and 

at lower potentials, we noted a reduction in hysteresis width by up to ~15 mV at sweep rates < 

0.5 mV/s. This value is already in close proximity to the reported values for Pd/C in this study. 

Separation of size and lattice defectiveness effects on the rate of nucleation (and probably of H 

diffusion in the lattice as well) is a challenging problem, which will necessitate the application 

of precise diffraction techniques in future studies. 

The pre-treatment of Pd/C can also lead to partial H trapping, as observed earlier for a 20 wt. % 

Premetek Pd/C catalyst during the initial ~10 cycles [8]. If this is the case, the H:Pd ratio of 

0.54 (Figure 5c) might be underestimated, as certain amount of H is already trapped before the 

start of experiment shown in Figure 5 and Figure 6b. Additionally, both the ratios for ED Pd 

and Pd/C could be overestimated as they include contributions of charge spent for H adsorption 

and adatoms desorption. These contributions are addressed in the next subsection.  
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Figure. 6. Comparison of hysteresis loops for ED Pd, 35.2 g/cm2 (a) and Pd/C, 33.1 gPd/cm2 

(b), hysteresis values are compared in plot (c). The dotted lines serve as guides to the eye. 

3.4. Contribution of H adatoms and the prospects of -phase quantification 

To address the contribution of adsorbed H, we estimated the real surface area of the Pd catalysts 

by analysing the charge required for the desorption of Cu adatoms. A series of corresponding 

linear voltammograms obtained for various holding times (Figure 7a, b) indicates an increase 

in charge with holding time that is more pronounced for Pd/C. This increase could result from 

either slower adsorption, or a higher contribution of Cu+, or both factors. The sluggish 

adsorption on Pd/C may stem from the porosity of the carbon support. Additionally, qualitative 

differences in UPD responses are observed. Specifically, for ED Pd (Figure 7a), the first 

desorption peak at ca. 0.35 V is notably higher and narrower, while Pd/C exhibits only a 

shoulder or a broad maximum in the vicinity of this potential. Conversely, the second peak at 

ca. 0.48 V is more pronounced for Pd/C. Notably, a distinct feature at 0.57-0.58 V is visible for 

ED Pd but absent for Pd/C, suggesting a significant difference in surface crystallography [26]. 
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Figure 7. CuUPD stripping curves measured after various holding times, from 30 to 600s at 

0.27 V for ED Pd, 13.4 g/cm2 (a) and Pd/C, 33.1 gPd/cm2 (b). The background curves (solid 

lines) are measured in supporting electrolyte, and are not affected by the holding time at 0.27 V. 

(c) Corresponding charge vs. holding time at 0.27 V for Pd/C.  

After subtracting the Cu+ oxidation charge (see the example of Cu+ oxidation contribution 

subtraction in Figure 7c), the specific surface area of Pd/C was estimated to be approximately 

18.3 m2/g. This value is significantly lower than the estimation for particles of ca. 4 nm in size, 

implying particle coalescence in the Pd/C catalyst. For ED Pd, the specific surface area depends 

on both the deposition potential (lower for 0.2 V than for 0.07 V) and loading, although the 

shape of Cu desorption curves remains very similar. For instance, for samples with H:Pd ratios 

as presented in Figure 3b, the specific surface areas were 5.4 and 6.1 m2/g. Assuming that H 

adatoms adsorb on the same Pd atoms as Cu UPD, we can consider half of the Cu desorption 

charge as the H adsorption contribution to the total charge [28]. For Pd/C as depicted in Figure 

7c, this translates to 1/2 × 0.48 ± 0.03 mC, corresponding to 0.04 on the H:Pd ratio. This implies 

that the H:Pd ratio for H in the Pd lattice is 0.50 instead of 0.54. For the majority of ED Pd 

samples, the H adsorption contribution is close to 0.01 H:Pd, slightly exceeding the accuracy 

of the determination of the H:Pd ratio. 

The significant contribution of H adatoms to H:Pd observed in Pd/C allows to address the 

complex issue related to the α-phase contribution. This complexity is particularly pronounced 

at low loadings, where the quantities of H in the α-phase and in the H adlayer are comparable. 
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Previous studies have demonstrated effective separation of ad- and ab-sorbed H for Pd materials 

consisting of a few monolayers (loadings below 1 μgPd/cm2) [9,13,42,43]. However, although 

materials with such ultralow loadings feature high surface/volume ratio, they can be hardly 

considered as nanoparticles due to substantial differences of their properties from those of bulk 

Pd. Our observations include the identification of separate broad peaks within the 0.1 - 0.28 V 

interval (Figure 8a), leading us to explore the possibility of attributing them to adsorbed H, by 

analogy with above-mentioned Refs. 

 

 

Figure 8. (a) CV of Pd/C (33.1 μgPd/cm2) at 250 V/s, extended region preceding phase 

transition; (b) H surface coverages formally calculated from the charges obtained by integration 

of anodic (black) and cathodic (red) branches of this CV, (c, d) comparison of calculated surface 

coverages (from anodic (c) and cathodic (d) branches) with hydrogen adsorption isotherms, 

redrawn from reference [28] (Figure 7 in Ref. [28]) for various Pd materials (1, 2 – Pd black, 3 

– Pd on carbon obtained by impregnation, 4 – smooth Pd), color points correspond to potential 

sweep rates 60 (black), 120 (red), 250 (blue), 500 (magenta), and 1000 (green) V/s. 
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Despite the fact that the region of H adsorption and α-phase formation is not complicated by 

phase transition, the charge versus potential dependencies do not coincide during anodic and 

cathodic scans, even at low sweep rates (Figure 8b). Quantitatively, this difference depends on 

the sweep rate. In Figure 8b, we normalized the charge to the H monolayer formation charge 

determined from Cu UPD to obtain H surface coverage (θH) and found that the values exceed 1 

starting from 0.12 – 0.15 V. However, θH at these potentials is expected to be below one 

monolayer [28]. To analyse more precisely, we compared θH values for various potentials with 

the values reported earlier [28] for various Pd materials. The experiments presented in Ref. [28] 

consisted of comparing data for a pure Pd surface and a surface poisoned with Cu adatoms, so 

θH values were obtained by subtracting the latter from the former. Coloured points in Figure 8c 

and Figure 8d show our θH values, which are sweep rate-dependent. Despite this uncertainty, 

we can conclude that during the cathodic scan (Figure 8d), the amount of sorbed H starts to 

exceed the equilibrium amount of H adatoms at the lowest potential of 0.15 V. During the anodic 

scan, the charge can be assigned to the equilibrium amount of H adatoms starting only from 0.2 

V. This result demonstrates an evident overlap of adsorption and α-phase formation and also 

allows us to assume that the α-phase in Pd/C starts to form at high enough potentials (0.15 V 

translating into approximately 10-5 atm effective H2 pressure). Moreover, at an approximately 

0.075 V, formally calculated θH approaches 2, indicating that the quantity of H in the α-phase 

is the same as in the adlayer (H:Pd ~ 0.04). This quantity is evidently even higher in the vicinity 

of the phase transition. We can assume that this is typical for Pd nanoparticles, which are known 

to feature a decrease in β-phase H concentration with a simultaneous increase in H content in 

the α-phase [44]. A more precise analysis of α-phase behaviour requires a very careful 

separation of 'double layer' contributions, which is complicated by the presence of foreign 

support. In any case, we can conclude that the α-phase overlaps with both adsorbed H and β-

phase. We cannot exclude that the degree of this overlap depends on particle size and other 

factors, but the immediate assignment of peaks seems to be very debatable. For example, two 

peaks were assigned to H desorption from α- and β-phases [36], but the separation can be of 

kinetic nature as well. At least approximate estimates of H adatoms' contribution will be helpful 

to solve this quest. 

3.5. Concluding remarks 

Electrochemical quantification of the H:Pd ratio and determination of the phase transition 

region are crucial aspects in the research of Pd nanomaterials, given the limited availability of 

alternative tools. Estimating the H:Pd ratio from the lattice parameter [45], as outlined in a 

systematic study [46], offers fewer options for studying the microstructural effects of H in Pd 

at elevated temperatures, as lattice relaxation may lag behind H desorption [8]. Quartz crystal 

microbalance data, independent of coulometry, do not correlate due to the stress induced by H 

sorption affecting quartz resonance [47], with the effect strongly contingent on the 

microstructure of the Pd material. 

The approach described in this study, involving cyclic voltammetry and the analysis of charge 

disbalance, seeks to identify a sweep rate interval where specific assumptions are applicable. 

This interval may vary for materials containing Pd particles of different sizes. However, the 

data analysis becomes more intricate as the Pd loading decreases. Generally, this approach can 

be effective, with certain limitations, for saturation potentials lower than 0.02 V vs. RHE. This 

is feasible for loadings not too low (starting from several dozens of μg/cm2) and under 

convection modes, aiming to avoid a significant contribution from molecular H2 oxidation. 

We stress that choosing very low saturation potentials, such as -1.5 V vs. RHE [5], is not 

advisable, and gives no chance even to approach equilibrium (effective pressure is already 

dramatically lower than predicted by Nernst equation). In addition, doing so tends to 
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overestimate the H:Pd value due to the unavoidable contribution from the oxidation of evolved 

H2 gas at the cathodic limit, even in advanced flow cell configurations.  

Comparative results for aqueous and polymer electrolyte systems [46] demonstrate that, even 

at negative RHE potentials, the actual H:Pd value rarely exceeds 0.8. This is no surprise, as the 

Nernst relationship between potential and effective H2 pressure fails to operate in the absence 

of equilibrium. Therefore, the notion of holding H:Pd ~1 in typical Pd materials is illusory. This 

does not discount the possibility of high H:Pd ratios in specific highly defective Pd materials 

but is more plausible at reasonable potentials. 

Formation of H2 at positive RHE potentials is the rationale behind the recommendation to 

initiate experiments from a small positive RHE potential, rather than starting from zero, when 

determining the real surface area of platinum (Pt) [48]. Gilman [49] addressed the challenge of 

charge separation for Faradaic process and adsorbed H. Dealing with the rapid H adsorption 

process on Pt, a broad range of sweep rates, including very fast rates, could be employed. 

However, this flexibility is not applicable to H absorption by Pd, which is incomplete starting 

from certain sweep rates. Assuming the kinetical aspect, this situation is partly similar to cations 

intercalation into battery materials, but even more complex, as no stoichiometry limit can be 

reached in available potential interval. Under these complex circumstances, our alternative 

approach (despite its limitations) can be widely applied to various Pd materials. 

We demonstrated that our experimental approach is particularly relevant for ultralow Pd 

loadings (of the order of 1 µg/cm2), a characteristic of several intriguing Pd model materials 

[38,40,42,43,50–52]. It is also significant for foils [53], typically unable to be fully saturated 

with H due to diffusion limitations, resulting in a lower total absorption charge. While flow 

cells and electrode rotation [1,45,54] are helpful under gas evolution conditions, their 

combination with standard extraction procedures exclusively eliminates H2 contribution to the 

anodic charge. The 'proton pump' [55,56] could potentially be a viable option with further 

development for more precise potential measurements. 

Our approach gains special importance in deuterium absorption [57], where the isotope effect 

shifts the phase transition to lower potentials, making the contribution of the 'tail' crucial even 

at moderate loadings. A dedicated study is needed to assess the applicability of the approach to 

H sorption in alkaline solutions, where complications arise from cation intercalation [19]. 

Another crucial, though less in vogue, issue is the quantification of the α-phase, particularly 

challenging for Pd on supports with high 'double layer' capacity. Potentiostatic and voltametric 

extraction remains pivotal for the α-phase [21], especially when the absorption potential 

exceeds 0.08-0.09 V vs. RHE, and the contribution of H2 generation is negligible. Combining 

disbalance analysis with extraction from the α-phase offers a detailed description of all 

absorption phenomena in the H-Pd system. 

Insights from in situ structural research remain valuable, even if H:Pd ratios are determined 

with less precision. This information is expected to be even more valuable with the prospect of 

a more quantitative characterization of PdHx composition. 

4. Conclusions 

The quantification of the H:Pd atomic ratio, based on an analysis of charge disbalance in a series 

of cyclic voltammograms, is presented for Pd loadings ranging from 2.5 to 35 μg/cm2 on glassy 

carbon and Vulcan XC72 carbon supports. Sweep rate dependences for charge disbalance reveal 
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the range of sweep rates where the side contribution of the Faradaic reaction (molecular H2 

formation) predominates over other side processes. Under these conditions, the current 

associated with molecular H2 formation remains identical during both anodic and cathodic 

scans, eliminating the need for precise separation of the Faradaic process. 

This favourable scenario is identified through the linear relationship between charge disbalance 

and the reciprocal of the sweep rate, further confirmed by the independence of the calculated 

H:Pd ratio from the sweep rate. In the case of dispersed Pd materials studied, both criteria were 

met within the 0.2–1 mV/s sweep rate interval. The proposed technique also facilitates an 

accurate estimation of the equilibrium αβ phase transition potential, even in the presence of 

non-equilibrium charging near the phase transition. 

The proposed approach can be supplemented by analysis of H adsorption and -phase 

composition, to result in complete characterization of hydrogen-palladium behaviour for 

complex materials with low Pd loadings. 
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