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ABSTRACT: Pressure of gigapascal (GPa) is a robust force for driving phase transitions and
chemical reactions with negative volume change and is intensely used for promoting
combination/addition reactions. Here, we find that the pressure gradient between the high-
pressure region and the ambient-pressure environment in a diamond anvil cell is an even
stronger force to drive decomposition/elimination reactions. A pressure difference of tens of
GPa can “push” hydrogen out from its compounds in the high-pressure region to the
environment. More importantly, in transition metal hydroxides such as MnOOH, the protons
and electrons of hydrogen can even be separated via different conductors, pushed out by the high pressure, and recombine outside
under ambient conditions, producing continuous current. A pressure-gradient-driven battery is hence proposed. Our investigation
demonstrated that a pressure gradient is a special and powerful force to drive decomposition and electrochemical reactions.

Juxtaposed with temperature, pressure acts as the other
external thermodynamic variable that defines the stability

and reactivity of substances.1,2 Applying extremely high
pressure (HP) successfully synthesized novel compounds and
materials, such as superconductor LaH10 with Tc at 260 K
under 180 GPa,3 alkali halides NaCl3 and Na3Cl with
unexpected stoichiometry,4 and the high-energy-density ma-
terial NaN5, etc.

5 Considering the temperature effect is often
secondary under pressure of gigapascal, the thermodynamic
driving force under HP is described by the enthalpy change. As
presented in Scheme 1, when substance A is compressed at 0

K, dH = dU + d(PV) = T ds − P dV + V dP + P dV = V dP,
and the enthalpy contributed by external pressure is the
integral of the equation of state (EOS) of A [VA(P)] on the P-

axis, H V P P( ) dP
P

P

P
A 0

1
0 0

1
A∫Δ | =

=
, as represented by the area

between the EOS and the P-axis (inside the red boarder in
S c h e m e 1 ) . S i m i l a r l y , f o r s u b s t a n c e B ,
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=
(line-shading in Scheme 1). For a

transition A = B under pressure P1 (in the scale of GPa) and T
= 0 K, the enthalpy change of the reaction contributed by
external pressure ( H P

P
r 0

1Δ | ) is the difference between these two
integral (dot-shading), and finally the enthalpy change of the
reaction at P1, ΔHr,P1 = HH P

P
r,P0 r 0

1Δ + Δ |

H H HP P
P

P
P
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where ΔHr,P0 is the enthalpy change of the reaction under P0 =
0 GPa and T = 0 K. When it is negative, the reaction will
proceed spontaneously. This is a natural conclusion from the
equilibrium thermodynamics under isobaric conditions, and
most of the high-pressure theoretical and experimental
research is under such an isobaric assumption.
On the other hand, if a pressure gradient is involved, that is,

(part of) the atoms under the HP (P1, with volume V1)
chamber are “squeezed” to an ambient-pressure environment
(P0, with volume V0), an additional enthalpy change must be
considered. For example, when A under a HP chamber (P1,
with volume VA,1) transfers to B in an ambient-pressure

environment (P0, with volume VB,0), an additional term H P
P

B 1
0Δ |

equal to H P
P

B 0
1−Δ | should be added; then the enthalpy change

of the reaction
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Scheme 1. Enthalpy Changes under Applied Pressurea

aEOS stands for equation of state, describing the P−V relationship.
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Note that H P
P

A 0
1Δ | corresponds to the whole integral area of the

EOS of A on the P-axis, which is much larger than the
H H( )P

P
P
P

A 0
1

B 0
1Δ | − Δ | discussed above and can be even larger

with increasing pressure. In a rough estimation, when an atom
travels from a chamber at P1 = 100 GPa to an environment at
P0 = 0 GPa, the enthalpy will decrease by ∼10 eV (∼103 kJ/
mol, details in Table S1). This is high enough to break any
chemical bonds and drive the physical/chemical transition. We
can conclude that such a pressure gradient is more powerful
than the isobaric external pressure and can be realized when
the atoms are squeezed out from the HP chamber. This is
possible for the reactions with gas eliminated, such as H2, etc.,
and the pressure gradient can dominate the reaction process
according to the above analysis.
In this work, we found that the hydrogen can be squeezed

out from many hydrogen-bearing compounds (A-H) by
theoretical calculation and thermodynamic analysis. Then in
an experiment we successfully squeezed the hydrogen out from
MnOOH by applying a pressure gradient of ∼30 GPa over
hundreds of micrometers, as demonstrated by an in situ X-ray
diffraction (XRD) experiment. More importantly, by physically
separating the migration path of the protons and electrons, we
built up a closed circuit and constructed a prototype of a
pressure-gradient-driven battery, which generates current using
a pressure gradient and hence coupled the pressure gradient
with electrochemistry.
We first investigated several representative hydrogen-bearing

compounds (A-H) including protonic compounds, covalent-
bonded molecules, and metal hydrides theoretically. For the
hydrogen-escaping, the initial state is A-H under HP and 0 K,
and the final state is A under HP and hydrogen in an
environment under 0 GPa. The whole process (0) is not in an
equilibrium state and has to be decomposed into two virtual
steps to calculate the enthalpy change, including an isobaric
decomposition at pressure P1 (1) and the escaping of H2 from
P1 to P0 = 0 GPa (2) as shown below. The corresponding
enthalpy changes are noted as ΔH0, ΔH1, and ΔH2,
respectively, with ΔH0 = ΔH1 + ΔH2.

P P P HA H ( ) A ( ) H ( )1 1 2 0 0‐ = + Δ (0)

P P P HA H ( ) A ( ) H ( )1 1 2 1 1‐ = + Δ (1)

P PH ( ) H ( ) H2 1 2 0 2= Δ (2)

Thermodynamically, the hydrogen would escape to the
ambient environment if ΔH0 = ΔH2 + ΔH1 < 0. Here

H V P P( ) d
P

P
2 1

0 0
H2∫Δ =

=
, which is a big negative value, and

|ΔH2| would increase significantly with increasing pressure.
Even if ΔH1 is positive, ΔH0 will change from positive to
negative at a critical pressure, and the whole process would
therefore proceed spontaneously. ΔH2 is calculated from P1 =
0 to 60 GPa using CASTEP (Figure 1a), which can be used as
a gauge (HP H2-ruler) to compare to the ΔH1 of various A-H
and predict the critical pressure for reactions.
As a representative of protonic compounds, the ΔH0 for γ-

MnOOH was calculated under HP. It is selected because both
γ-MnOOH and the expected product β-MnO2 have a rutile
structure. The escaping of hydrogen would not reconstruct the
lattice and hence may facilitate the kinetics. More importantly,
the proton may transport separately with electrons and have
potential applications in electrochemistry, as discussed later in
this paper. For 2γ-MnOOH = 2β-MnO2 + H2 under room
temperature and 0 GPa, ΔfGm(MnOOH) = −557.99 kJ·
mol−1,6 and ΔfGm(MnO2) = −465.40 kJ·mol−1,7 so ΔrGm(0
GPa) = 2[ΔfGm(MnO2) − ΔfGm(MnOOH)] = 185.18 kJ·
mol−1, which indicates the decomposition is unfavorable. The
enthalpy changes of MnOOH, MnO2, and H2 upon
compression H P

P
0 0
1Δ | = were then calculated respectively (see

Tables S2 and S3) and added to ΔrGm (P = 0 GPa) to simulate
ΔH1 (supposing the TS term and temperature effect are
neglectable) under HP. ΔH0 was obtained by adding the HP
H2-ruler (ΔH2) to ΔH1, as presented in Figure 1b. It predicts
that MnOOH would decompose to MnO2 above 32.8 GPa if
H2 can be released to ambient pressure. Then we also
examined the ΔH0 of several H-bearing compounds reported
in the literature, including LaHn, SrH4, NbH2, MgH2, CH4,
etc., by subtracting the enthalpy of formation (ΔH1 = −ΔfHm)
under HP8−16 from the HP H2-ruler, as shown in Figure 1b.
We found most ΔH0 values become negative below 60 GPa,
suggesting spontaneous escaping of H2 under the pressure
gradient.
Experimentally, we compressed MnOOH (synthetic process

in the Supporting Information and XRD data in Figure S1) to
55 GPa using a diamond anvil cell (DAC) with a Pd gasket,
which can transmit hydrogen and hence facilitate the H2
elimination from γ-MnOOH. A pressure transmitting medium

Figure 1. Enthalpy changes with hydrogen released from HP to 0 GPa. (a) HP H2-ruler. (b) ΔH0 of binary hydrides, where ΔH0 is the sum of
ΔH1

8−16 and ΔH2 (HP H2-ruler), normalized by the number of atoms in the reaction.
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is not used to guarantee the good contact between MnOOH
and Pd. The selected in situ XRD data (10° < 2θ < 12°) with
increasing pressure is shown in Figure 2a (the complete XRD
pattern is shown in Figure S2). Above 26 GPa, a new peak
appears at the high-angle side of the 110 peak (2θ = 11°),
which is the 110 diffraction of β-MnO2. At 55 GPa, the highest
pressure in our investigation, the XRD data is well fitted by a
mixture of γ-MnOOH (a = 4.182 Å, b = 4.931 Å, c = 2.739 Å,
Pnnm) and β-MnO2 (a = 4.420 Å, b = 4.400 Å, c = 2.865 Å,
Pnnm), as shown in Figure 2b. This indicates that MnOOH
partly transforms into β-MnO2. Refining the lattice parameters
under high pressure reveals the pressure−volume (P−V)
relationships of γ-MnOOH, as represented by the red line in
Figure 2c. The P−V curve of β-MnO2 was also measured
separately for reference (blue line), while the black line and
royal blue line are the P−V curves of γ-MnOOH and β-MnO2
from previous reports.17,18 The red star in Figure 2c represents
the volume of γ-MnOOH at ∼55 GPa after ∼24 h. It shrinks
from the MnOOH curve toward the MnO2 curve, indicating a
huge volume collapse caused by gradually losing hydrogen over
hours. Figure 2d presents the XRD pattern of the MnOOH
and MnO2 mixture staying at 55 GPa after 24 h, which shows
the content of β-MnO2 increases from 24.5 wt % to 60.5 wt %
while that of γ-MnOOH decreases from 75.5 wt % to 39.5 wt
%. The quantitative phase analysis is determined by the
reference intensity ratio (RIR) method,19 with RIR(MnOOH)
= 3.63 [ICDD: 98-008-4949] and RIR(MnO2) = 4.28 [ICDD:
98-005-6006]. The P−V curve in ref 17 (black line in Figure
2c) is from a large volume press (LVP) experiment. Typically,
the sealing of the LVP is not as good as the DAC and the
loading rate is slower, hence providing good admittance and
more time for H2 to escape. This is most likely why in their
experiment the lattice shrinks more obviously upon compres-
sion and supports our conclusion.

The XRD data of the Pd gasket was also collected by
illuminating the X-ray beam on the inner edge in contact with
MnOOH (Figure 2e). The 111 peak of Pd begins to broaden
above 12 GPa and then splits into two peaks above 23 GPa,
which are recognized as Pd and PdHx (Figure 2f), respectively,
also indicating the hydrogen transport from MnOOH to Pd
under high pressure. Hence, we can conclude that the
hydrogen of MnOOH was squeezed out under the extreme
pressure gradient.
Squeezing hydrogen out of γ-MnOOH under a pressure

gradient is a decomposition process and is also a redox
reaction, which can be coupled with a charge transport process.
If the proton and electron of hydrogen escape from a high-
pressure chamber through separated routes and recombine at
ambient conditions, an electric current is produced. Hence, an
electrochemical process can be designed as below:

Anode (under HP):

MnOOH e MnO H2− = +− +
(3)

Cathode (ambient):

H e 1/2H2+ =+ −
(4)

Then, we made a pressure-gradient-driven battery (PGDB) to
separate the proton and electron transports based on a
diamond anvil cell (Figure 3). It contains four layers between
the two diamonds, including a top Pt electrode (cathode),
Nafion film (electrolyte), MnOOH (anode), and a bottom Pt
electrode (photos in Figure S3). Pt is an excellent proton-
blocking-electron-conducting electrode, while Nafion is
proton-conducting-electron-blocking. When MnOOH tends
to release H+ and electrons under enough pressure gradient, its
neighbor, Nafion, can only conduct protons, while the other
neighbor Pt can only conduct electrons. Hence, protons would
transfer through the Nafion film from the center to the edge

Figure 2. In situ high-pressure XRD investigations of MnOOH in a Pd gasket. (a) Selected XRD plots of γ-MnOOH from 1 to 55 GPa. (b)
Simulated and experimental XRD patterns of γ-MnOOH and β-MnO2 at 55 GPa. (c) Pressure−volume relationships of γ-MnOOH and β-MnO2.
The red star represents the unit cell volume of γ-MnOOH after staying at 55 GPa for ∼24 h. (d) Simulated and experimental XRD patterns of γ-
MnOOH and β-MnO2 at ∼55 GPa after ∼24 h. (e) XRD data of Pd on the inner edge of the gasket. (f) Volume of Pd and PdHx (per Pd atom)
under high pressure. The maximum difference of the volume (3.6%) appears at 30 GPa.
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driven by the pressure gradient, electrons transport through
the bottom Pt electrode and external circuit, and they
recombine at the top Pt electrode and form H2.
We used electrochemical impedance spectroscopy (EIS) to

demonstrate the PGDB model. Figure 4a shows the Nyquist
plots of the model up to 22.5 GPa, which contain a semicircle
at high frequencies and a straight line at low frequencies. The
straight line represents Warburg impedance because the proton
diffuses through Nafion and is reduced between the Pt and
Nafion interface. For reference, the settings without MnOOH
or Nafion do not show such Warburg impedance (Figures S4
and S5) because there is no path for protons to escape
continuously. Using the equivalent circuit method, we can
obtain the corresponding resistance (106 Ω) and capacitance
of the semicircle up to 22.5 GPa (Figure 4b). According to
Irvine’s interpretation,20 the capacitance (∼10−11 F/cm) of the
semicircle is attributed to the grain boundary’s impedance.
During the whole compression process, the values were
maintained in the same order of magnitude, which
demonstrates the device’s stability under high pressure.

More directly, the time-dependent direct current (DC) was
measured with a picoammeter (for the reliability, see Figure
S6) to demonstrate the PGDB model. Pd cathodes were used
to help hydrogen to escape from the system quickly. Just as
assumed, hundreds of picoamps were detected in the normal
setting (for details see SI Electrical measurements) under
applied pressure, showing the maximum value of the current at
about 9 GPa (Figure 4c green line). Divided by the minuscule
amount of MnOOH (m = 2 × 10−6 g), the peak current is
∼0.3 mA/g, which is already a very intense signal. No current
was detected in the reverse connection (switch the ±
connection of the picoammeter, Figure 4d green line), which
demonstrates the strategy of separating the electrons and
protons. Some control-group experiments were also conducted
for reference. When MnOOH was replaced by cubic boron
nitride (BN), no current was detected up to 30 GPa (Figure
S7), indicating that the 102 of picoamps of current we observed
in Figure 4c indeed resulted from MnOOH. When MnOOH is
replaced by another piece of Nafion (much thicker than the
electrolyte Nafion under compression) with a top Pd electrode
(cathode) and a bottom Pt electrode (anode), a much weaker
current is observed and decays more quickly under high
pressure (Figure 4c and d yellow line). This shows that Nafion
can only provide a very limited amount of protons, not really
contribute to the current signal of MnOOH.
In summary, with theoretical and experimental investigation,

we found that the pressure gradient can drive the elimination
of hydrogen from various hydrogen-bearing compounds,
including metal hydrides and hydroxide like γ-MnOOH.
Quantitatively, a HP H2-ruler is presented to measure the
pressure under which a hydrogen-bearing compound can
release hydrogen. Based on this process, we designed a
pressure-gradient-driven battery by physically separating the
transferring routes of protons and electrons, as demonstrated

Figure 3. Schematic plot of the pressure-gradient-driven battery.

Figure 4. (a) EIS of the MnOOH-PGDB at high pressure in the Nyquist plot. The inset shows the equivalent circuit. (b) Resistance and
capacitance of the MnOOH-PGDB during compression. (c) DC values of the MnOOH-PGDB, in the normal and (d) reverse connection for
reference.
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by EIS and DC measurements. Our work directly transfers
mechanical energy to electrical energy under a huge pressure
gradient and can potentially be realized under extreme
conditions deep underground or in the giant planet.
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insulated gasket, impedance spectroscopy of MnOOH
and Nafion in the Nyquist plot under applied pressure,
the reliability of the picoammeter, PGDB model filling
with an insulator, and the structures of H2, γ-MnOOH,
and β-MnO2 (PDF)
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