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ABSTRACT: Metal hydrides have wide applications in energy science. A large pressure
gradient propels the hydrogen atoms out. A piezovoltaic device, a pressure gradient-driven
battery, can therefore be realized when the migrations of protons and electrons are separated
by different conductors. Here we investigate the piezovoltaic performance of PdH, with
various proton conductors as electrolytes and experimentally detect an output current of
<40 nA and a voltage of ~0.8 V for a 3 ug sample. We also demonstrate the escape of
hydrogen atoms from a palladium lattice under an increasing pressure gradient using X-ray
diffraction. The relationship between piezovoltaics (chemical process) and piezoelectricity
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(physical process) is like that between a chemical battery and a capacitor. Our work | |

demonstrates the piezovoltaic application of metal hydrides and provides a new way to

convert mechanical energy into electrical energy.

Metal hydrides (MHs) are in focus due to their wide
applications in energy science as hydrogen storage
materials, ~> heat storage materials,"”” additives in energetic
materials,®'° and electrode materials in batteries. In electro-
chemistry, it is an inviting anode material in lithium-ion
batteries due to its weak polarization, high theoretical capacity,
and suitable working potential."'~'® It also plays a significant
role in nickel-metal hydride batteries, acting as an active
negative electrode material.'*'® Recently, a large number of
hydrogen-rich metal hydrides were synthesized or predicted
under high pressure, like CaHg,'® LiHg,"” BeH,,'® Li,MgH,4,"
YH,,*® PbHy,”' AsHg,>* LaH,,,”" etc. High pressure not only
enriches the variety of metal hydrides with higher hydrogen
content but also significantly changes the thermodynamics of
metal hydrides, as manifested by their synthetic reactions and
diverse phase transitions under applied pressure.”* *°
Thermodynamically, applying pressure increased the Gibbs
free energy and the chemical equilibrium moves to the lower-
free energy side. Considering an isothermal process (dT = 0),
the pressure-induced change in the Gibbs free energy (AG) for
substance A is expressed as AGAIE = ﬁ:) dG = / ﬁ; V,ydP — / ﬁ;
SpdT = f ﬁ; V, dP, as represented by the area covered by the
orange line in Scheme 1. For an A to B process happening at a
high static pressure P;, AG,p = AG,p + AGBli‘, - AGAlg,
where AG,p is the AG under P, (~0 GPa), and the AG
contributed by external pressure (AGBlﬁé - AGAlﬁé) is
represented by the difference in the area covered by the
orange line and that covered by the green line in Scheme 1.
Following the law of thermodynamics, if a pressure gradient
(PG) is involved, some components like hydrogen in the
sample chamber under high pressure (HP) can be pushed out
into ambient pressure (AP) through and/or bypass the gasket,
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Scheme 1. Gibbs Free Energy Changes Contributed by
Applied Pressure

P=0

and then the Gibbs free energy change caused by the leaked
atoms should be accounted. For an A(P,) = B(P,) process, the
expected B is subjected to a pressure gradient from high
pressure P, to low pressure Py [AGpg = (AG,p, + AGBlgé -
AGA) + AGgly = AG,p, — AG,lp]; hence, IAGpgl >
|AG, |, indicating a pressure gradient affords a much higher
thermodynamic potential to trigger reactions (the whole area
covered by the orange line in Scheme 1). We calculated that
the enthalpy will decrease by ~1 eV when 0.5 H, molecule is
released from 40 GPa to ambient pressure at 0 K (96.5 kJ/mol
of 0.5H,, or 26.8 kWh/kg of H,). This is regarded as a gauge
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voltage was detected due to the low proton conductance under
high pressure and limited thermodynamic driving force. In this
work, by employing PdH, as the anode, we successfully
realized a more powerful piezovoltaic device PdH,-Pd PGDB
with an open-circuit voltage of $0.8 V and demonstrated the
escape of hydrogen from the palladium lattice under an
increasing pressure gradient by X-ray diffraction (XRD). In this
way, pressure gradient drives the migration of hydrogen,
converts mechanical energy into electrical energy, and
demonstrates an unprecedented application of metal hydride
in energy science.

A Pd (cathode, PG)lproton conductor (electrolyte, PG)I
PdH, (anode, HP)IPt (wire, PG) PGDB is prepared with
different proton conductors as shown in Scheme 2, where PG

Scheme 2. Schematic Plot of a PdH,-Pd Pressure Gradient-
Driven Battery
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PdH, - e-= PdH, , + H*

and HP represent a pressure gradient and high pressure,
respectively. PdH, [the morphologies were assessed by
scanning electron microscopy (SEM) (see Figure S2)] is the
anode that provides protons to the electrolyte (proton
conductors) on the top side, which transport the protons to
the palladium electrode (cathode) but block electrons. Here
potassium hydroxide (KOH), phosphomolybdic acid hydrate
(PMA), and phosphotungstic acid hydrate (PTA) are used as
electrolytes, as all of them have robust structures under applied
pressure. On the bottom side of PdH,, platinum foil transports
electrons to ambient pressure but blocks protons. The
electrons are transferred through the circuit and recombine
with protons at the cathode.

First, we measured the short-circuit current of the Pd (PG)|
KOH (PG)IPdH, (HP)IPt (PG) PGDB up to 35 GPa, with
KOH as the electrolyte. A current of tens of nanoamperes was
detected in compression and decompression processes
following the normal connection (purple line in Figure I;
see panels a and c of Figure S3 for complete initial data varying
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Figure 1. Short-circuit current of the Pd (PG)lelectrolyte (PG)IPdH,
(HP)IPt (PG) PGDB, with KOH, PMA, and PTA as electrolytes
under high pressure in the normal connection.

with time), with no notable current detected in the reverse
connection (Figure S3b,d, sensitivity test in ref 27).
Considering the mass of PdH, is only 3 ug, this corresponds
to ~10 A/kg of sample, which is a big improvement compared
to that of the previous PGDB using MnOOH.

Obviously, this improvement is closely related to the high
hydrogen (proton + electron) conductivity of PdH,. On the
contrary, to investigate the effect of different electrolytes, PMA
and PTA were tested as electrolytes. For PMA, a current of
~0.3 nA was detected upon compression until its failure at 17
GPa (orange line in Figure 1; see Figure S4a for complete
initial data varying with time), with no notable current with
decompression progress (Figure S4c). The failure of PMA was
attributed to an irreversible transition, where the resistance
decreased sharply from 60 to 2 kQ at 17 GPa, as proven by
electrochemical impedance spectroscopy of PMA in Figure SS.
This indicates that the electronic conductivity of PMA also
increases above 17 GPa, and thus, PMA is no longer suitable as
an electrolyte. The performance of PTA (claret line in Figure
1; see Figure S6 for complete initial data varying with time) is
similar to that of PMA with a current of ~1 nA below 19 GPa.
PTA also experienced an irreversible damage above ~18 GPa,
which led to the failure of the PGDB, as proven by the in situ
high-pressure Raman spectra in Figure S7. The good
performances of KOH, PMA, and PTA in PGDB suggest
that the PGDB model is widely applied, compatible with many
electrolytes. On the contrary, the different outputs also indicate
that the electrolyte is a key component in the PGDB, which is
the bottleneck to the transport of ions.

Then we investigated the open-circuit voltage of PGDB,
which is a more important parameter in electrochemistry.
Using KOH and Nafion as electrolytes, voltages of <0.8 and
<0.6 V, respectively, were detected in the PdH,-Pd PGDB
upon compression (Figure 2a,b). The time-dependent voltages
are displayed in Figure S8, which shows that the voltage did
not change significantly during our measurement. During
decompression, the voltages were also stably detected with
similar values (Figure 2b).

By dividing the open-circuit voltage by the short-circuit
current, we obtained the inner resistance. The typical value is
~30 MQ (40 MQ under S GPa and 27 MQ under 11 GPa),
and the expected maximum output power is 2.6 nW, when the
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Figure 2. (a) Open-circuit voltage of the Pd (PG)IKOH (PG)IPdH, (HP)IPt (PG) PGDB upon compression following the normal (above the
dashed line) and reverse connection (below the dashed line). The khaki line represents the contribution component of voltage by pressure
gradient. (b) Open-circuit voltage of the Pd (PG)INafion (PG)IPdH, (HP)IPt (PG) PGDB.
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Figure 3. Voltage on load, open-circuit voltage, and output current of the Pd (PG)INafion (PG)IPdH, (HP)IPt (PG) PGDB during compression

following the normal connection.

resistance of the load is the same as the inner resistance. To
test the output power, a constant resistor of 1 M was
connected to the circuit as a load for the Pd (PG)INafion
(PG)IPdH,, (HP)IPt (PG) PGDB, and the output voltage and
current were measured separately (circuit in the inset of Figure
3). The open-circuit voltages were also measured for reference
and are in agreement with the previous results. The output
power reaches a maximum of 0.25 pW at 22 GPa. These
significant electrical signals reveal that metal hydrides release
electrical energy during dehydrogenation following the
mechanism of the PGDB.

Then we carefully investigated the origin of the detected
voltages. When the hydrogen was absorbed in the cathode or
anode, the electrochemical reactions include Pd + 6H* + Se™
PdH; (cathode) and PdH, — Se~ = PdH,_; + SH* (anode).
The voltage results from two sources. The first is the intrinsic
electrochemical potential difference between Pd and PdH,, or
the asymmetry of this “symmetric” battery, and the second is
the pressure gradient-introduced electrochemical potential
(khaki line in Figure 2). At low pressure, the intrinsic potential
is the dominant contributor of voltage. Because a higher
hydrogen content results in a more negative electrode
potential, the PdH, anode released an electron to the circuit
and H* to the electrolyte, and the Pd cathode absorbed H" and
an electron in a reverse reaction. The exact voltage is difficult
to calculate, because the reaction details and the hydrogen
content on or near the surface are unknown. The
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investigations™”** provided the thermodynamic electrode

potentials. From that, we found the voltage between our two
electrodes (PdH,s; and Pd) should be ~0.75 V, which is
consistent with our experimental data (0.7 V) at 1 GPa [the
lowest pressure (Figure 2a)]. However, because the changes in
surface potential were closely related to surface defects as
indicated by the atomic force microscopy experiment,”” the
direct comparison with our results needs to be investigated
further.

Under higher pressure, the voltage contributed by the
pressure gradient was enhanced, while the results from the
intrinsic composition difference were suppressed. If the total
chemical equation PdH, (HP) + Pd (AP) = PdH,_; (HP) +
PdH; (AP) is broken into three equations

PdH, (HP) = PdH,__; (HP) + 0.55H, (HP) (1)
0.55H, (HP) = 0.55H, (AP) )
Pd (AP) + 0.55H, (AP) = PdH, (AP) (3)

obviously the AG contributed by the composition difference
between reactions 1 and 3 is suppressed under high pressure,
because eq 1 is not favored under high pressure and eq 3 is
unchanged. Then the AG, of the total reaction is mainly
contributed by eq 2. We calculated the corresponding voltage
of eq 2 by the Nernst equation from the H-ruler data
mentioned in ref 19 (khaki line in Figure 2) and found the
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J. Phys. Chem. Lett. 2023, 14, 3168—3173


https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00464?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(a)

decompressed - 2.8 GPa

Intensity / arb. unit

Trrrrrrrrsrrrrrrrryrrrrrrrrr-r1

a-PdH | | |
p-PdH_ | | |
! L. 1 1 L 1 Il 1 Il 1 1 1 1 L

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
20/ deg.

(b

)

4.018

—o—[-PdH,

4016 o— a-PdH,

ALY

4.014,
3.896

3.892

Cell parametera/ A

3.888

3884 1 i 1 i 1 i 1 " 1 L 1
4 6

Pressure /| GPa

Figure 4. (a) XRD patterns of the same PdH, sample decompressed from high pressure (4 = 0.7107 A). (b) Variations in cell parameter a of PdH,,

as a function of pressure.

detected voltage was supplied entirely by the pressure gradient
under relatively high pressure.

For comparison, we also investigated the whole electro-
chemical process under static pressure. We excluded the
pressure gradient effect by loading Pd powder, Nafion film, and
PdH, powder into the insulated sample chamber from top to
bottom between two Pt electrodes. The materials completely
filled the chamber without overflow, bringing no notable
pressure gradient on Pd, Nafion, or PdH, and forming the Pt
(PG)IPd (HP)INafion (HP)IPdH, (HP)IPt (PG) battery. The
measurement showed no meaningful current or voltage signals
(Figure S9). This indicated the reaction cannot proceed under
static pressure and demonstrated the significance of the
pressure gradient once more.

An XRD experiment showed that the pressure gradient is an
indispensable driving force. To probe the dehydrogenation
reactions of PdH, directly under a pressure gradient, we
performed XRD of the same PdH, sample decompressed from
high pressure. To generate the pressure gradient for hydrogen
transfer, the sample was loaded into a precompressed but
unperforated T301 stainless steel gasket completely covered by
a Nafion film. The PdH, sample (precompressed to 350 MPa)
was compressed up to 10 GPa, and the XRD patterns
decompressed from applied pressure are displayed in Figure
4a. The sample contains both -PdH, and a-PdH, (Fm3m; for
p-PdH,, a = 4.016 A; for a-PdH,, a = 3.896 A).>' After
decompression from 2.8 GPa, the two phases still coexisted,
with the H-rich phase #-PdH, significantly decreased, while the
sample decompressed from 10 GPa contained only a-PdH,.
On LeBail refinement of PdH, at ambient pressure (Figure
S10a), in addition to the change in the component proportion,
the cell parameter decreased in both phases with an increase in
pressure (Figure 4b). This is direct evidence of the
dehydrogenation reaction under a pressure gradient. The
limited amount of residual hydrogen indicates the intrinsic
electrochemical potential difference between Pd and PdH,, is
not dominating any more above a high pressure like 10 GPa.

In conclusion, we created a piezovoltaic device by driving
the dehydrogenation of metal hydride PdH, in PGDB with an
output voltage of ~0.8 V and a current of ~10 A/kg. This
piezovoltaic device uses a pressure gradient as the driving
force, and PdH, decomposes via a dehydrogenation reaction.
This is an electrochemical process in contrast to piezo-
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electricity, where the piezoelectric material®>~>* is polarized
under an external force with positive and negative charges
concentrated on two opposite surfaces (physical process). The
relationship between the piezovoltaic and piezoelectricity is
just like that between the chemical battery, which includes
electrochemical reaction, and the capacitor, which involves
only the physical process of charge separation. We also directly
revealed that the hydrogen atoms escaped from the palladium
lattice under an increasing pressure gradient with an XRD
experiment. Our work demonstrates an unprecedented
piezovoltaic application of metal hydride as a PGDB, which
makes metal hydride not only a container for hydrogen storage
but also a battery “fuel” for generating electricity in the process
of releasing hydrogen.
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