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A reversible hydrogen electrode (RHE) and a Palladium hydride (PdH) reference electrode are proposed with a convenient design
for use at high temperatures and pressures (HTP). A constant electrochemically driven supply of H2 on the RHE or PdH surface
ensures preservation of the H2 equilibrium potential and mixed (α + β)-phase in the PdH layer, respectively, thereby ensuring
stable potentials at HTP conditions for prolonged periods of time. Furthermore, the potential of the PdH reference electrode is
calibrated as a function of temperature and pressure with respect to the RHE. In contrast to earlier calibration attempts, we find that
the potential of the PdH electrode in the mixed (α + β)-phase is independent of temperature and pressure, with a value of ∼55 mV
vs the RHE at 25 °C, 1 bar, 45 wt% KOH. When the PdH is charged with enough hydrogen to assume the H-rich β-phase only, its
potential follows that of the RHE, but shows a sluggish equilibration upon changing pressure or temperature, due to the slow
diffusion of H in β-PdH.
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The need for more efficient and productive electrochemical
energy storage and conversion devices to support the future
sustainable energy system can be satisfied by raising the operating
temperature and pressure.1–6 For instance, a record high current
density of 3.75 A cm−2 at 1.75 V (corresponding to 85% electrical
efficiency) was reported for an alkaline electrolysis cell operating at
200 °C and 20 bar,7 an approx. 10-fold increase in productivity
compared to state of the art cells operating at 80 °C–100 °C.8

Development of such novel concepts into real devices requires
further research into electrode materials and architectures, as
electrodes play a crucial role in determining the overall performance
of electrochemical devices.9–13 In order to investigate the electro-
chemical activity and stability of electrocatalysts and electrodes at
HTP conditions, suitable reference electrodes (RE) are required to
distinguish the contribution of individual electrodes. At present, a
major obstacle for electrochemical studies at HTP is the interim
stability and lifetime of available REs.14–16

Several HTP REs with external or internal configuration have
been reported.16–19 In an external RE configuration, the RE is held in
a separate compartment at room temperature and connected to the
HTP electrochemical cell by means of a salt bridge.20–22 The major
challenges faced by the external REs are: (1) to maintain the
pressure of the RE compartment in equilibrium with that of the
HTP reactor and (2) to correct the measured potentials for thermal
junction potentials, the calculation of which requires the knowledge
of the heat transferred between the HTP reactor and the RE.15 Thus,
external REs are useful in cases where a moderate accuracy is
acceptable. In contrast, internal REs are positioned directly within
the HTP electrochemical cell. Therefore, the internal REs have to be
designed such that they can withstand the HTP conditions as well as
the potentially corrosive electrolyte environment, while maintaining
a stable and well-defined reference potential for prolonged periods of
time, and ensuring no contamination to the electrochemical cell
under investigation.

Several internal reference electrodes such as Ag/AgCl
and Ag/Ag2SO4 have proven to be applicable at elevated
temperatures.23–27 However, these metal/metal ion electrodes are
typically designed such that the metal is immersed in a solution with
a fixed concentration of metal ions and linked to the electrochemical
cell through a porous frit/junction. When these REs are placed into

the electrolyte solution, a fraction of electrolyte can diffuse through
the RE junction and contaminate the RE’s metal ion solution,
especially at elevated temperature.28 This results in an unknown
shift of the RE potential. Similarly, metal ions from the RE solution
may diffuse through the porous junction and contaminate the test
cell. Pseudo/quasi-reference electrodes are also a very simple
version of an internal reference electrode, comprising simply a
metal wire (Pt or Ag) immersed in the working electrode
solution.29,30 The potential obtained with the use of a silver or
platinum wire as a quasi-reference electrode is ill defined as it
depends on the presence of various compounds (most commonly
Ag2O or Pt2O, respectively) on the metal surface, with the exact
concentration and distribution of the metal oxide being unknown.31

In addition, its surface composition will change during operation,
with Pt–OH and Ag–OH typically forming on Pt and Ag, respec-
tively, in aqueous electrolytes, which will affect the potential.
Therefore, the potential of a quasi-reference electrode is likely to
change greatly with the (a) impurities present in the media; (b)
dissolution of the oxide compounds present onto the metal surface;
(c) polarization, due to lack of potentiostatic control, or (d) its recent
history.30,31

Another group of internal REs are the metal based hydrogen
electrodes. A well-known type is the palladium-hydride (PdH)
electrode, palladium (Pd) being capable of holding up to ∼1000
times its volume of dissolved hydrogen within its crystal structure.32

The potential of PdH remains constant as the amount of absorbed
hydrogen changes over a wide range of values.33–35 The hydrogen
solubility in PdH is so high that it can serve as a RE even in H2 free
solutions. Recently, Brian et al. reported the use of β-phase PdH as a
RE in aprotic solutions.36 However, the absorbed H2 depletes more
rapidly with increasing temperature.37 The PdH RE was shown to be
stable for approx. 1 h at 195 °C and 23.7 atm H2 partial pressure.

38,39

Moreover, at HTP conditions it is challenging to supply generous
and steady amounts of H2.

To overcome these challenges, we report a convenient design of a
RHE and a PdH RE in which a steady flow of H2 is supplied
electrochemically via an additional electrode underneath the plati-
nized Pt or PdH electrode, respectively. The constant supply of H2

ensures preservation of the H2 equilibrium potential and the PdH
layer, respectively, and consequently a stable RE potential at HTP
conditions for prolonged periods. Furthermore, the potential of the
PdH RE is calibrated versus the RHE from room temperature to
200 °C and for pressures from 1 to 50 bar. Moreover, the use of thezE-mail: ccha@dtu.dk
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developed PdH RE is demonstrated for HTP alkaline electrolysis,
showing a stable potential over the entire test period of 98 h.

Experimental

Materials.—45 wt% KOH (ACS reagent., >85% KOH basis,
Fluka) and 0.1 M HClO4 (70%, Suprapur, Merck) solutions were
prepared with high purity (18 MΩ.cm) de-ionized (DI) water
obtained from Direct Q Millipore. KOH is hygroscopic and contains
water and ⩽2.0% K2CO3, ⩽0.053% cation and heavy metal traces,
⩽0.013% anion traces and ⩽0.021% other impurities. Prior to use,
the KOH solution was pre-electrolyzed at 2.0 V for 24 h with nickel
electrodes to suppress impurities. Palladium (Pd) sheet (99.95%), Pd
wire (99.9%), Pt wires (99.9%) and Pt mesh (99.9%) were obtained
from Sigma-Aldrich and cleaned prior to use as described in the
following section.

Design and preparation of PdH and RHE for high temperature
and pressure operation.—Pd sheet (10 × 10 × 0.5 mm) was coiled
into a cylindrical shape of ∼5 mm diameter and welded to a Pd wire
(φ = 0.5 mm). Pt wires (φ = 0.5 mm) were used as hydrogen and
oxygen evolving electrodes (HEE and OEE). Prior to assembling the
PdH RE, all the wires and Pd sheet were cleaned in a hydrogen flame
(∼900 °C, until glowing red/orange). Then the Pd and Pt pieces were
cooled for ∼15 s before rinsing with ultrapure water. For the Pd,
cooling was performed under the stream of an inert gas (N2) to avoid
formation of Pd oxides. The cleaning procedure was repeated
minimum three times, or until uncolored flame appeared while
heating the metal pieces. After cleaning, the PdH RE was assembled
as shown in the schematic of Fig. 1a. The HEE and the Pd wire
connected to the Pd sheet were insulated from each other by Teflon
tape to avoid short-circuit. One of the ends of the HEE Pt wire was
coiled to match the diameter of the Pd sheet, and positioned bellow
the Pd sheet so the buoyancy would continuously carry hydrogen
bubbles towards the Pd sheet. The assembled PdH RE was then
immersed in 45% (w/w) KOH solution and the Pd sheet was
cathodically polarized galvanostatically (current density of −300 μA
cm−2) until a stable potential of ∼55 mV vs RHE was achieved, as
witnessed via chronopotentiometry, shown in Fig. 1c. Based on the
potential value (∼55 mV vs RHE) reported for the mixed phase (α +
β)-PdH, we attribute the phase of PdH to be in (α + β)-phase.40,41

The conditioned/activated PdH RE was then placed in the 3-
electrode holder used in the autoclave, with its HEE and OEE
connected to a DC power supply providing a constant current of
5 mA such that the HEE continuously evolved H2 below the Pd
sheet. The reference electrode potential was found to be insensitive
to the applied current between OEE and HEE at room temperature
and pressure. However, currents higher than 5 mA led to partial
blocking of the Pd sheet with H2 gas bubbles and resulted in more
noisy data. Therefore, 5 mA was applied to ensure sufficient supply
of H2 to keep the Pd sheet charged with H, while maintaining a low

level of noise. A picture of the PdH RE and the holder employed for
these measurements are provided in the Supporting Information.

The design of the RHE employed at high temperatures and
pressures (HTP-RHE) was similar to the design of the PdH RE,
simply replacing the Pd foil with the platinized Pt wire and the Pd
wire with a Pt wire. The HEE and OEE were again connected to a
DC power supply and a constant current of 5 mA was supplied such
that the HEE continuously evolved H2 below the Pt black deposited
Pt wire. At room temperature and ambient pressure, the potential of
the as designed HTP-RHE vs the potential of a commercial RHE
(Mini HydroFlex® RHE obtained from Gaskatel) was 0 ± 3 mV. The
HTP-RHE was used to calibrate the PdH RE at HTP, as the Mini
HydroFlex® RHE is not suitable for elevated pressures and is limited
to temperatures below 120 °C.42 Since, the PdH RE and RHE were
used in HTP conditions; they are labeled as PdHT/P and RHET/P to
clarify the operating conditions. For example, the PdH electrode
labeled as PdH25/1 refers to the potential of PdH electrode at 25 °C
and 1 bar, and PdH150/50 refers to the potential of PdH electrode at
150 °C and 50 bar. Similarly, the RHE electrode labeled as RHE25/1

refers to the potential of RHE electrode at 25 °C and 1 bar. The KOH
concentration is kept at 45 wt% unless otherwise indicated.

Electrochemical characterizations, cell design and configura-
tion.—An SP−300 potentiostat from BioLogic Science Instruments
(Seyssinet-Pariset, France) was used for all the electrochemical testing.
The 45% (w/w) KOH solution was used as an electrolyte in a custom-

Figure 1. Schematic diagram of the (a) PdH and (b) RHE REs used in the present study and (c) chronopotentiometry at −300 μA cm−2 to charge the PdH
electrode (RHE25/1 refers to the potential of the RHE electrode at 25 °C, 1 bar and 45 wt% KOH).

Figure 2. The Pd–H phase diagram reproduced from Al-Mufachi et al.34 and
Huang et al.48 who originally used published data from Refs. 44 (▪), 49 (○)
and 50 (▽).
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made cell of PEEK. A Parr autoclave Type 4760 with 600 ml volume
and a PTFE (Polytetrafluoroethylene) liner was used to perform the
HTP measurements. The autoclave was equipped with additional gas
handling components and wire through-puts, and pressurized using N2,
as described elsewhere.43 The open circuit potential (OCP) between the
PdHT/P and the RHET/P was continuously measured to calibrate the
potential of the PdH with increasing operating temperature and
pressure. To test the stability of the PdH RE, electrolysis was performed
in 45% (w/w) KOH at 150 °C and 50 bar pressure for 98 h. Two Pt
mesh electrodes (2.5× 2.5 cm2) separated by a ceramic separator7 were
used as anode and cathode. The PdH RE was placed in the cathode
compartment, apart from its OEE Pt wire that was placed in the anode
compartment, to keep the evolved oxygen away from the PdH RE.

Background

Phase diagram of palladium hydride.—When Pd is exposed to
hydrogen, H2 molecules dissociate into atomic H, diffuse into Pd,
and occupy interstitial sites of the fcc Pd lattice.32–34 Figure 2 shows
the pressure–composition–temperature (PCT) curve of PdH.
Depending on the temperature and hydrogen partial pressure, PdH
exhibits in two distinct phases. At low hydrogen pressures, Pd
dissolves a small amount of hydrogen and forms a solid-solution
phase known as α-phase.32 The α‑phase exists up to a H/Pd
concentration of ∼0.008 at 20 °C, known as αmax.

44 With increasing
hydrogen pressure, a first-order phase transition occurs with Pd
absorbing a large amount of hydrogen accompanied by a large lattice
expansion, forming a hydride phase, called the β-phase. When the
H/Pd concentration is between 0.008 and 0.6 at 20 °C, the α- and
β-phase co-exist, forming a miscibility gap indicated as (α +
β)-phase.45 The width of the (α + β) region decreases gradually
with temperature and disappears at ∼280 °C.46 The potential of PdH
in the (α + β)-phase is fixed at ∼50 mV vs RHE25/1, whereas, in the
β-phase the PdH potential is ∼0 mV vs RHE25/1.38,41,47 On the other
hand, the potential of (α + β)-phase and β-phase PdH at HTP
conditions are not well established.

Results and Discussion

Effect of pressure on the potential of (α + β)-PdH.—The PdH
electrode is known to follow the same pH response as the RHE
(∼59 mV per unit of pH at 25 °C and 1 bar).51 This was confirmed
by measuring the potential of the (α+ β)-PdH25/1 against RHE25/1 in
three different solutions (0.1 M HClO4, 1 M KOH and 45% w/w
KOH), which remained constant at 55 ± 1 mV vs RHE25/1.

The effect of pressure on the potential of the (α + β)-PdH was
investigated in 45% (w/w) KOH solution by increasing the pressure
inside the autoclave stepwise from 1 to 50 bar allowing for 3 h of
equilibration at each step. The potential difference (ΔΕ25/P) between
the PdH25/P and the RHE25/P, measured continuously while in-
creasing the pressure, is shown in Fig. 3a. ΔΕ25/P increases with
pressure from a value of ∼55 mV at 1 bar to ∼106 mV at 50 bar.
According to the Nernst equation, the potential of the RHE decreases
by ∼50 mV when the pressure increases from 1 to 50 bar (see the
calculation of RHE potential change with temperature and pressure
in Appendix). Taking this into account, the change in the potential of
RHE25/P vs RHE25/1 is deduced and the potential of PdH25/P vs
RHE25/1 is shown in Fig. 3b. It is observed that the potential of the
(α + β)-PdH electrode is insensitive to pressure. The minor
deviation (+2/−1 mV) from the initial potential of ∼55 mV vs
RHE25/1 is likely associated with experimental uncertainties.

Similar results are reported in the literature for the effect of pressure
on the potential of the (α + β)-phase PdH, albeit with a contradiction
on the extent of H/Pd ratios that warrant a constant potential. Dobson
et al. reported that the potential of PdH increases from ∼50 mV to
∼80 mV vs a Pt wire reference electrode, when the pressure is
increased from 1 bar to 37 bar measured in 0.1 M HCl.38 Adjusting
for the shift of the Pt wire (RHE) potential, one can conclude that the
potential of the (α + β)-phase PdH remains constant at ∼50 mV.
Schuldiner et al. recorded the potential of (α + β)-phase PdH vs a Pt

wire in 2 M H2SO4 at various pressures, eliminated the effect of
pressure on the Pt wire electrode (RHE) and reported that the potential
of the (α + β)-phase PdH is independent of hydrogen content
(hydrogen pressure), but only when the H/Pd ratio is in between 0.03
to 0.36, whereas it depends on the hydrogen content for H/Pd ratios
higher than 0.36.47 On the other hand, Frumkin52 and Nylén53 reported
that, throughout the (α + β)-phase region, the potential is independent
of hydrogen content and thus remains stable with pressure.

Effect of temperature on the potential of the (α + β)-PdH.—
The potential difference (ΔΕT/50) between the PdH RE and the HTP-
RHE was measured at 50 bar from 25 °C to 200 °C in steps of 25 °C,
allowing for 90 min of equilibration at each temperature, as shown in
Fig. 4a. ΔΕT/50 (between PdHT/50 and RHET/50) decreases from
∼106 to ∼24 mV as the temperature is raised from 25 °C to 200 °C
at 50 bar. The potential of the RHE is expected to increase by
∼84 mV under this temperature increase (see the calculation in
Appendix). Accounting for this change, and plotting PdHT/50 vs
RHE25/1, we find that the potential of the (α + β)-PdH electrode is
insensitive to temperature at 50 bar pressure (see Fig. 4b).

Stability of (α + β)-PdH at 150 °C and 50 bar.—In order to
assess the stability of the PdH RE at HTP conditions, the potential of
the PdH150/50 vs the RHE150/50 was measured continuously for 98 h
at 150 °C and 50 bar, and the results are shown in Fig. 5. After
showing a stable potential for ∼20 h, the potential of the PdH
dropped gradually to nearly zero V vs RHE25/1, and remained stable
at this new value for the rest of the test period. This shift of the
potential of the PdH electrode can be attributed to a shift from the (α
+ β)-phase field to the β-phase of PdH.41 This shift of the potential
of the PdH electrode was reproduced multiple times when using it as
a RE in alkaline electrolysis cells, an example of which is shown in
Fig. 6. At the constant current of 10 mA.cm−2, the potential of the Pt
mesh anode and cathode were stable at ∼1.45 V and ∼–0.089 V vs
the PdH RE, respectively, for approx. 20 h, after which both
potentials increased by ∼55 mV (see Fig. 6a). On the other hand,
no change was observed vs the RHE150/50 (see Fig. 6b), confirming
that the potential of the PdH RE decreased by ∼55 mV after ∼20 h
at 150 °C and 50 bar. However, after this shift, its potential remained
stable for the rest of the time (approx. 60 h in this case). We attribute
this shift to the transition from (α + β)- to β-phase PdH, as will be
discussed later. The potential of the PdH will be ill-defined during
the 10 h of the transition period from (α + β)- to β-phase PdH, but
the resulting β-PdH can still be used as a RE for long-term testing
(beyond 20 h), since its potential is observed to be stable for a long
period. Nevertheless, knowledge of the temperature and pressure
dependence of the β-PdH potential is then required. Alternatively, it
may be possible to implement an on/off procedure for the H2 supply
from the HEE to maintain the H/Pd ratio within the (α + β) range.

Effect of temperature and pressure on the potential of β-
PdH.—The effect of change in pressure on the potential of β-PdH
was investigated at 150 °C and 100 °C as shown in Fig. 7. When the
pressure inside the autoclave was reduced from 50 to 20 bar at 150 °
C, a sudden drop of 12 mV in the potential was observed as shown in
Fig. 7a. After that, the potential increased gradually and returned to
zero within 40 min. The immediate decrease of 12 mV can be
associated with the increase in the potential of the RHE with the
decrease in pressure (see Figure A1), whereas the ensuing relaxation
is attributed to a slower response of the β-PdH potential, since it is
well established that the RHE responds fast to changes in the
hydrogen pressure.40,41 Upon reversing the pressure (from 20 to
50 bar), a sudden increase of 11 mV in the potential is observed
followed again by a sluggish return to zero. This suggests that the
β-PdH follows the Nernstian behavior of the RHE. However, the
rate of equilibration is quite slow compared to that of the RHE.

Similarly, when the pressure is changed from 50 to 20 bar at
100 °C, a sudden drop of 15 mV in the potential of β-PdH is
observed, followed by a very slow relaxation of almost 6 h towards

Journal of The Electrochemical Society, 2022 169 054534



zero (see Fig. 7b). The potential of β-PdH follows again the
Nernstian behavior of the RHE, but its slow equilibration is further
decelerated upon decreasing temperature.

In line with our findings, Dobson et al. observed a 6 mV increase
in the potential of β-PdH at 195 °C upon increasing pressure from
17.01 to 19.32 atm, followed by a relaxation to its original value of
0 V vs the RHE at the same conditions, within 20 min.38 Schuldiner
et al. observed that a decrease in pressure from 1 to 0.05 atm at 25 °
C, resulted in a fall in potential from 0 to –31 mV followed by a
gradual increase to 0 mV vs RHE at the same conditions within
72 h.47 These results from Dobson et al.38 and Schuldiner et al.47

support our findings that the potential of β-PdH follows that of the
RHE but responds sluggishly, especially at lower temperatures. In
any case, when given sufficient time, the potential of β-PdH seems
to relax at a value of 0 V vs the RHE at the same conditions.

Upon decreasing the temperature from 150 °C to 25 °C at 50 bar
pressure, the potential of β-PdHT/50 was observed to increase from
its initial value of −2 mV vs RHE150/50 to 14 mV vs RHE25/50 as
shown in Fig. 8a. At each temperature step, the time given for
equilibration was 90 min, which does not appear to be sufficient for
β-PdH, especially at lower temperatures. The potential of β-PdH25/P

was observed to decrease further from 14 mV to –40 mV vs RHE25/P

upon decreasing the pressure from 50 to 1 bar at 25 °C, as shown in
Fig. 8b. This large change is associated with the change in the
potential of the RHE. The autoclave was further pressurized to
50 bar and then depressurized to 1 bar, and the potential of β-PdH
appeared to be insensitive to pressure cycling, as shown in Fig. 8c.
The observed change in the potential of β-PdH25/P vs RHE25/P is due

Figure 3. (a) The time evolution of the potential difference (ΔΕ25/P) between (α + β)-PdH25/P and RHE25/P upon a stepwise increase in pressure from 1.0 bar to
50 bar and (b) the potential of (α + β)-PdH25/P vs RHE25/1 as a function of pressure.

Figure 4. (a) The time evolution of the potential difference (ΔΕT/50) between (α+ β)-PdHT/50 and RHET/50 upon stepwise increase in temperature from 25 °C to
200 °C at 50 bar pressure and (b) the potential of (α + β)-PdHT/50 vs RHE25/1 as a function of temperature.

Figure 5. Potential of the PdH150/50 electrode vs the RHE150/50 and RHE25/1

measured over a period of 98 h at 150 °C and 50 bar.
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to the change in the potential of the RHE with pressure, whereas the
potential of β-PdH25/P remained stable at −40 mV vs the RHE25/1.
Finally, when given sufficient time, a very slow equilibration in the
potential of β-PdH was observed at 25 °C, approaching 0 V vs RHE,
as shown in Fig. 8d. It took nearly 150 h for the potential of β-PdH
to increase from −40 mV to 0 mV vs the RHE25/1, where it remained
stable for several days. This suggests that the release of hydrogen
from the β-PdH is very slow. The even more sluggish response
observed for β-PdH in this study, compared to earlier literature, is
attributed to the large volume/area ratio of the PdH electrode
employed here (10 × 10 × 0.5 mm) compared to the Pd wire of
0.1 mm diameter used by Dobson et al.38 The large volume/area
ratio helps maintain the concentration of H in β-PdH away from
equilibrium for longer periods of time, such that a relatively fast
change in pressure is not affecting its potential.

Overall, the potential of PdH is observed to be independent of H
content when it is in the (α + β)-phase, whereas it depends on the H
content and follows the potential of RHE when it is in the β-phase.
However, if the ratio of H/Pd is kept constant in β-PdH, a steady-state
potential of 0 V vs RHET/P can be sustained for a long period of time as
indeed shown in Figs. 5 and 8d, and reported in earlier studies.38,47

Comparison of PdH and RHE RE for HTP electrochemistry.—
Both PdH and RHE could be used as RE in HTP alkaline electrolysis
with excellent long-term stability. The use of the HTP-RHE is more
convenient for electrolysis purposes, as it provides a direct measure
of the HER overpotential. On the other hand, the insensitivity of

(α + β)-PdH to temperature and pressure is convenient in situations
where temperature and/or pressure differences may exist between
the working and reference electrode positions. Our experience also
suggests that the bulk character of the PdH RE potential renders it
less sensitive to interruptions in the H2 supply and/or diminishing of
its interfacial area with the electrolyte solution due to e.g. bubble
accumulation. Furthermore, the fabrication of the PdH RE is
somewhat simpler, not requiring the deposition of Pt black on a Pt
wire. Finally, long-term operation of platinized Pt at high tempera-
ture will result in gradual coarsening of the deposited Pt
nanoparticles,54,55 which may impact the performance of the HTP-
RHE. The most important advantage of the PdH RE though is the
possibility to use it in aprotic solutions.

Conclusions

RHE and PdH reference electrodes with a convenient design for
use in high temperature and pressure electrochemistry are proposed.
A steady electrochemical supply of H2 underneath the RHE or PdH
electrode via an additional 2-electrode configuration ensures the
preservation of the equilibrium hydrogen potential and dissolved
hydrogen in the PdH layer, respectively, resulting in stable potentials
under HTP conditions for prolonged periods of time. A careful
calibration of the (α + β)-PdH RE suggests that its potential is
independent of temperature and pressure, and has a value of
∼55 mV vs the RHE25/1. The potential of the (α + β)-PdH RE
remains stable for approx. 20 h at 150 °C and 50 bar, then shifting

Figure 6. Potential of Pt mesh anode and cathode at 10 mA.cm−2 vs the PdH150/50 RE (a) and vs RHE150/50 (b) over a period of 98 h at 50 bar and 150 °C.

Figure 7. The time evolution of the potential difference between β-PdHT/P and RHET/P with the change in pressure from 50 bar to 20 bar at (a) 150 °C and (b)
100 °C.
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gradually towards 0 V vs RHE at the same conditions, which is
attributed to the complete phase transition from (α + β)-PdH to β-
PdH, then remaining stable at this value for at least 60 h. The
potential of β-PdH follows that of the RHE but the slow equilibra-
tion of the H/Pd ratio in the β-PdH results in a slow equilibration of
its potential. This slow equilibration of the potential of β-PdH
becomes even slower upon decreasing temperature, and can take
more than 100 h for bulky electrodes.

Appendix

Change in the potential of the RHE with pressure and
temperature.—In the present work, the potential of the PdH
electrode is calibrated vs the RHE. However, the potential of the
RHE also varies with the electrolyte pH, temperature and H2 partial
pressure. The change in the potential of the RHE with temperature
and pressure (versus the RHET0/P0 at m0 molality of KOH) was
calculated using the Nernst equation in the following form:

γ
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Where, T is temperature (K), R is gas constant, F is Faraday’s
constant, P is total pressure, pw is partial pressure of water vapour,
γH2 is fugacity coefficient of H2, m is molality of KOH and aw is
activity of water. The temperature coefficient of the RHE potential is
taken to be 0.84 mV K−1.2,56

The partial pressure of water vapour (pw) over the KOH
electrolyte was calculated using the formula:57

= − −
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× ( − / − + )
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The activity of water (aw) in KOH solution was calculated from:57

= − +
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−
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log 0.0225 m 0.001434 m
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2
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2

Using Eqs. A·1–A·3, the change in the potential of RHET/P in 45%
(w/w) KOH vs the RHE25/1 in 45% (w/w) KOH was calculated as a
function of pressure and temperature and is shown in Tables A·I and
A·II, respectively.

Figure 8. Change in the potential of β-PdHT/50 vs the RHET/50 with the change in temperature from 150 °C to 25 °C at 50 bar pressure (a), change in the
potential of β-PdH25/P vs the RHE25/P with the gradual change in pressure from 50 to 1 bar at 25 °C (b), change in the potential of β-PdH25/P vs the RHE25/P with
the change in pressure from 1 to 50 and back to 1 bar at 25 °C (c), and change in the potential of β-PdH25/1 vs the RHE25/1 with time (d).
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