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I. Experimental Methods
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Figure S1. A typical birnessite electrodeposition monitored by EQCM, showing the
chronoamperometric curve (black) and linear decrease in frequency change (blue), indicating a

gain in mass.

A. EQCM Calibration

Although EQCM can be reliably used in liquid solutions,! the viscous loading on one side
of the crystal requires re-calibration of the conversion factor for the Sauerbrey equation:

Af = —C;Am (S1)
In air, Cs=56.6 Hz cm? pg. The mass change in aqueous electrolytes was calibrated according to
the protocol described in the SRS QCM200 manual and by Gabrielli et al.»? Silver was deposited
and stripped from an aqueous solution of 0.05 M AgNOs (Alfa Aesar) in 0.5 M HNOs (Fisher
Scientific) onto a new crystal at 100, 200, 300, and 400 nA cm?, normalized to the overlapping

area between the electrode on the back of the crystal and the active electrode on the front of the
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crystal. The linear changes in frequency are shown in Figure S2A. We then used the following

equation to calculate the equivalent Ct (in Hz/g) for each current density:

__ —FxnxAf
Cr = MW 44XAQ (S2)

Where: F = 96485 C mol e
n = # of electrons transferred [mol e/mol Ag or other depositing species]
Af = frequency change measured during deposition [Hz]
MWag = molecular mass of silver [g/mol]

AQ = charge passed during deposition [C]

Plotting the four values of Cr vs. -log(i) (i = current density) gives Figure S2B. Here each
value of Ct is clearly similar. To obtain the experimental Cr we averaged these values, and inverted

that number, obtaining 24.42 ng Hz*. All EQCM frequency change data was multiplied by this

number before background subtraction.
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Figure S2. Data from the EQCM calibration in 0.5 M HNO3z and 50 mM AgNOs. A) The frequency
change during Ag deposition. B) Calculated values of Cs at each current density, which were then

averaged to obtain the experimental Cs.

Applicability of EQCM to Thin Films: In air, the change in frequency of the crystal used for
EQCM was 7191 Hz, or 0.14% of the unloaded crystal’s resonance frequency. This means that
Sauerbrey’s equation (S1) can be used to calculate the mass of the deposit,* which gives 180.3 pg
(127 pg cm?). With a total charge passed during electrodeposition of 0.562 C, and assuming a 3
e reaction to reduce Mn"* to Mn**, the molar mass of our electrodeposited film is 92.8 g mol=.2
The mass of MnO2 would be 86.9 g mol, leaving ~5.9 g mol* unaccounted for. This can lead to
a maximum of 0.15 mol K* with no interlayer water content, or 0.33 mol H20 with no interlayer
K* content. Since we expect both of these species to exist in the as-synthesized material, we

propose the following composition: Ko.1MnO2-0.1H:0.

When immersed in liquid, the unloaded crystal experiences a frequency drop of 640 Hz.
Once birnessite is deposited, the film drops by 1047 Hz. Relative to the theoretical drop of 715 Hz
for a polished crystal going from vacuum to liquid,* this is a reasonable change in frequency. We

therefore confirm that this film is compatible with liquid-phase EQCM measurements.



B. ReaxFF Force Field Optimization and Validation using Density Functional Theory
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Figure S3. Comparison of ReaxFF and DFT-D3 energies for changes in (left) ab-plane area and

(right) c-lattice length.

The DFT-D3 energies for the defects were calculated using VASP, using the procedure mentioned
in the main text, with an energy cutoff of 520 eV and Monkhorst-Pack k-point mesh of 3x6x1. For
the energy evaluation of K* intercalation, a gamma-centric k-point mesh of 2x2x2 was chosen

with a convergence criterion of 0.05 eV/A for forces. Table SI shows the binding energy of H* and

water, and intercalation of K* in the MnO: layer.



Table SI. Comparison of DFT-D3 and ReaxFF energetics for species adsorption and intercalation

in the MnOz2 layer(s).

Species Energy (kcal mol?)
ReaxFF DFT-D3

H-binding MnO:2 surface -79.41 -84.10

Water binding -8.49 -3.70
Ko.12sMn0O2(H20)0.25 - Ko.062sMNO2(H20)0.25 - K -144.86 -137.60




I1. Supplementary Figures
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Figure S4. Film thickness calculated from A-C) SEM cross-sections and D) corroborated with
AFM cross-sections. The SEM gives an average film thickness of 1.47 £0.78 um, and the AFM
height trace across one of the islands shows an overall film thickness of 1-2 um (1.4 um in the spot

shown), with raised edges and flatter island centers.
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Figure S5. Deconvolution of the current contributions in cyclic voltammetry. A) CV of birnessite
at 10 mV/s in 0.5 M K2SOs, showing the overall CV, the rectangular “background” current, and
the isolated “peak” current. B) The normalized “peak” current at sweep rates from 5 — 200 mV/s,
showing only slight polarization. C) Determination of the sweep rate dependence of the
“background” and “peak” current. D) Separation of the total capacitance to the fractions

originating from “background” and “peak” show that most of the capacitance is due to the

“background.”
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Figure S6. Quantification of the ‘“outer surface” capacitance (not associated with cation

intercalation) by cycling birnessite in a bulky cation aprotic electrolyte, 0.1 M

tetrabutylammonium perchlorate (TBAP) in acetonitrile (ACN). A) CVs of a birnessite film in 0.1
M TBAP in ACN from 5 — 50 mV/s. B) Comparison of the capacitance (normalized to the
geometric area) as a function of sweep rate for birnessite cycled in TBAP vs. K2SO4. At 5 mV s,
the capacitance in TBAP in ACN is 6.5% of the capacitance in aqueous K2SOs electrolyte,

indicating the minor contribution of the “outer surface” to the total capacitance.
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Figure S7. Ex situ XRD patterns from birnessite cycled between 0 and 0.85 V in 0.5 M K2SOa4
electrolyte. Indexed peaks correspond to birnessite; unlabeled sharp peaks of lower intensity are

due to residual salt from the electrolyte.
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Figure S8. Unit cell parameters calculated from various DFT simulations for Ki<MnO2:yH20 —
nK* £ mH20, where m = 0 or n. Values for m and n were chosen based on K* and H20 contents

common to birnessites. However, because the initial composition of our experimental samples is
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unknown, these simulations represent overall trends. In particular, they are helpful to understand

the structural changes observed via XRD and Raman.
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Figure S9. A) Resistance and change in mass of an electrodeposited birnessite film on a QCM
crystal (MnOz2) and a bare QCM crystal (Au) as a function of applied potential at 10 mV/s in 0.5
M K2SOa4. B) Plots of potential (black) and mass change (blue) vs. charge for birnessite cycled at
10 mV st in 0.5 M K2S0a and fitting of the results to two distinct anodic regions and one cathodic
region (red) that could indicate related but slightly different processes involved in the charge
storage mechanism. The first anodic region, with an MCR of ~ 30 g mol-* e from 0 — 0.65 V,
encompasses the area of the CV before and through the peak. The MCR indicates no change in
charge storage mechanism at the inflection point in the mass change vs. potential curve ~ 0.3 V.
This suggests that the same species are involved in the mechanism before and during the CV peak,
but those removed early in the oxidation process may interact less strongly with the interlayer.
After the peak in the CV, the MCR decreases to 19 g mol- e from ~ 0.65 — 0.85 V, the value

expected for deintercalation of HsO*. The mass vs. potential and mass vs. charge graphs fail to
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show a direct relation to each other during the cathodic cycle. During the cathodic cycle, the mass
vs. potential curve in Figure 4A shows the reverse behavior of the anodic cycle, while the mass vs.

charge graph (Figure S9) shows a single linear region with an MCR of 26 g mol e~.

Table S2. Mass-charge ratios of birnessite at different potential ranges from EQCM at 10 mV s

Potential Range (V) MCR (g/mole’) e/mol MnOz2

0-0.65 30.6+0.1 0.09
0.63-0.85 18.9+0.3 0.05
0.85-0 26.4 +0.02 0.14
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Figure S10. ReaxFF GCMC simulation of proton intercalation into birnessite. A) Protons are
added to the Owmn sites on the surface close to water molecules, in regions with lesser K*
interference. B) This favors the subsequent reduction of the oxygen forming a vacancy (*) of the
type MnO(*) and molecular water with H2Owmn at the surface, similar to that seen in hydrated

H2Ti307 structures.*

The chemical potential of H* was obtained by averaging the potential energy of a single proton in
520 water molecules under NVT-ensemble MD simulation to mimic the effects of high pH. It must
be noted that the current force field is not explicitly trained for the vacancy formation mechanism.

Therefore, further studies may be necessary to determine the extent of this effect.
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Figure S11. A) In situ Raman spectra of birnessite MnO2 during electrochemical cycling in 0.5 M
K2S04. The thin red lines represent the result of peak fitting. Only the vi peak changes appreciably
with potential. B) Comparison of the intensity of the vi to v2 Raman peaks as a function of potential
during K* de/intercalation. Both the v1 and v2 peaks are sensitive to the interlayer environment,
with the vi peak center increasing in wavenumber and intensity with oxidation, while the

wavenumber of the v2 peak decreases.>®
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Figure S12. Operando AFM dilatometry of birnessite on the points shown in Figure 2F in 0.5 M
K2S0a. A) Potential-dependent deformation at 10 and 50 mV s. The deformation curves of
birnessite at both rates almost entirely overlap, indicating the same charge storage mechanisms.
The gold background at 50 mV s (“Au”) shows no deformation, as expected for a material that
does not undergo any volume change over this potential range. B) mCV at 50 mV s from
operando AFM dilatometry shows two sets of reversible deformation rate peaks during

electrochemical cycling

At both rates the deformation is the same despite the additional noise from thermal drift at 10 mV
s1. The measurements performed on gold electrodes show that the signal originates from volume
changes of birnessite, and not electrostatic electrode-tip interactions. The film contracts with
oxidation, contradicting the interlayer spacing changes shown by XRD, Raman, and DFT unit cell
calculations. Based on the SEM images (Figure 2 and Figure S4), we propose that the AFM
response represents primarily the deformation associated with the ab-plane of birnessite rather

than along the c-axis. The area of the ab-plane (Figure S8) is predicted to decrease regardless of
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the intercalation mechanism. Previous operando diffraction studies show that the increase in
interlayer spacing upon oxidation is accompanied by a decrease in the a and b lattice parameters,
leading to an overall ~ 0.5% decrease in unit cell volume.®° The DFT calculations (Figure S8)
predict a unit cell expansion for K* de-intercalation and K* de-intercalation coupled to H20
intercalation, and a unit cell contraction for K* and H20 de-intercalation. However, the unit cell
volume only decreases for the scenario in which both K* and H20 de-intercalate, which contradicts

the mechanism suggested by EQCM.
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Rate-dependence of AFM and EQCM data

Having shown that birnessite stores charge via interlayer processes, we now consider the
effect of sweep rate. Figure S13 shows the rate-dependent deformation and mass change of
birnessite. The deformation exhibits slight decrease with rate in K2SOa4, maintaining 75% of its
17.6 nm deformation at 200 mV s*. Capacitance and mass change retention are 71% and 84% of

the 158 F g and 7.23 ug at 10 mV s, respectively.
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Figure S13. Rate behavior of birnessite during operando AFM and EQCM. A) Deformation from

50 — 200 mV st in K2SO4. B) Mass and capacity changes from 10 — 200 mV s

Figure S14 shows the rate-dependent CVs, mCVs, gCVs and MCRs of birnessite MnO..
There are two sets of peaks in the mCV (Fig. 13B), supporting our earlier claim that the AFM can
detect processes not visible in global measurement techniques, and that there may be multiple
processes occurring in the K2SOq electrolyte. In Figure 10C the overall shape of both gCV and

CVs remains the same, showing increasing polarization with sweep rate. The polarization at higher
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rates is to be expected, as the relatively low conductivity of birnessite MnO:2 and the ~2D ion
diffusion through the longer dimensions of the nanosheets leads to some polarization and delay of
interlayer redox at higher rates.'! Overall, the interlayer water does appear to improve the structural
integrity and rate capability of birnessite MnO2. However, if an opposing water flux is critical to
the good pseudocapacitive performance of birnessite MnOz2 in K2SO4, the reduced water exchange
with K* may lead to reduced room for K* in the interlayer and therefore reduced capacitance.

These data do show that the charge-storage in birnessite is still due to interlayer mechanisms.
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Figure S14. Electrochemomechanical and gravimetric behavior of birnessite as a function of rate.
A) CVs from operando AFM show some polarization but maintain their shape from 10 to 200 mV
s1. B) The mCVs show two sets of peaks, maintaining the behavior observed at 50 mV/s. C) The
CVs and gCVs match, suggesting that interlayer behavior remains dominant. D) MCRs slowly
increase with sweep rate. If the species involved in the intercalation mechanism are K* and H20O,

this may indicate that there is less opposing H20 flux with increasing sweep rates.
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Figure S15. Effect of inhomogeneity in the cation distribution in the interlayer. A) The system
with a more filled interlayer (0.16 K*/Mn) shows less significant wrinkling than the sparsely filled
system in B) with 0.064 K*/Mn (reproduced for the sake of comparison from Figure 8A). C) Radial
distribution function of K* and Owmn indicating no substantial change in K*-Owmn distance between

the two systems, with the first peak being close to 3 A.

Note: This result does not indicate that MnO2 is more flexible in the absence of K* but suggests

that the local inhomogeneity in the distribution of K* promotes the large-scale distortions seen in
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the layer. As seen in Movie S1, we indeed find that the presence of intercalants — especially K*

is vital in developing the distortions.
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Figure S16. Snapshots from the NPT-MD simulation with stratified charges. A) With no charge
stratification, the K*-Own distance is close to 3 A with the interlayer spacing of 7.16 A. B) With
high charge stratification of 0.375e"/Mn, the interlayer spacing decreases to 6.62 A while the K*-

Owmn distance reduces to 2.77 A.
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Figure S17. Solvation of K* in the nanoconfined and hydrated interlayer of birnessite. RDF of K*
and water oxygen Own (left axis), and the integral of g(r) (right axis) indicating the coordination
number of K* by neighboring interlayer water molecules. The trajectory for the evaluation of the
coordination number was obtained using an NVT-MD simulation of the final GCMC structure
described in Figure 4C and Movie S1. With a coordination number of ~3.2 at 3.5 A, we conclude

that K* loses at least half of its solvation shell upon intercalation in comparison to bulk electrolyte.
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