EQCM - 6-HOUR SHORT COURSE

MODULE 3

Applications of
EQCM

Apply EQCM to five major application areas — electrodeposition, corrosion, batteries,
supercapacitors, polymers, sensors and bioelectrochemistry — and recognize the
specific advantages, limitations, and best practices in each case.
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The Electrochemical Quartz Crystal
Microbalance in Electrodeposition

Real-time gravimetry of metal deposition — kinetics - efficiency : nucleation - alloys & additives

OIA Af < Am _I'IJ_ Massograms @ Speciation
Sauerbrey gravimetry dAm/dt vs E bulk = interface ®
[ )
o o

Based on five case studies: Mn-NH,SCN (Electrochim. Acta 2006) - In nucleation (Electrochim. Acta 2023) - MnO, review (ChemSusChem 2025) - Mg mixed-anion EQCM-D (J. Mater. Chem. A 2026) -
Pt MOR (Inorganics 2025)
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FOUNDATION

Why EQCM for electrodeposition?

Deposition Kinetics
Mass flux vs. potential/time, decoupled from bulk current.

The Sauerbrey principle

Af = -Cf

Current efficiency

Gravimetric Am vs. Faraday's-law charge > % efficiency & M/z.
A rigidly-coupled mass change on the resonator shifts its frequency in

direct, nanogram-scale proportion. A 5 MHz crystal resolves ~ng-cm™
changes in situ, in real time.

Nucleation & growth
Detects deviations from ideal 2D / 3D diffusion-controlled models.

ng-cm™> real-time dAm/dt

mass resolution in-situ signal - massograms

Alloys & additives

Tracks co-deposition, surfactant/ion incorporation, dissolution.

O ©¢ 6 O

When AD = 0 the layer is rigid and Sauerbrey holds; a rising dissipation (AD)
flags a soft / viscoelastic / porous film — a caution, and also information.
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( Framing: Zong 2025 (Eq. Sauerbrey) - Yang 2026 (AD, EQCM-D) )




e A/ 1 0 de Quim

3.1 - POINT 1 COMBINED ELECTROGRAVIMETRIC CHARACTERIZATION OF MANGANESE DEPOSITION
CUMULATIVE MASS CHANGE (Am) AND CYCLIC VOLTAMMOGRAM (CV)

Real-time monitoring of |wrv«e biacane) ] J— .
— Continuous (a): Cyclic Voltammogram (CV) 0- * N s S
d L k u u — - Dashed (b): Mass (Panel A: Am; ] - 20 SE
eposition Kinetics panel B: dAm/dt) . £3
---- Dotted (c): Supporting Elec. (Panel B only) 2 | - 15 5 g =
§ =07 [10& S ﬁ
= Se
. ! <s
. Cathodic Varredura ( -1.7 V): A = —
Massograms: dAm/dt vs. E | NetiMn Deposition Range _ -5 i
Jy 40 Lo &=
Plotting the rate of mass change against potential gives a L DIDACTIC ;/1 20 -1,8 -16 -4 -2 -0 -08 -06
<
curve analogous to a voltammogram — but e ~— E/V, SCE
that swarmps the CV. | LA "=, INSTANTANEOUS MASS CHANGE RATE (dAm dt")
Cathodic Varredura (< -1.7 V): i v AND C1CHC VOLTAMNAOGRAM (cvé [ 2
Net Mn Deposition Range P P @
. . 7y N o 3 c
Sign convention - - . = S o
) ) _ Rate is negative (dAm/dt < 0), : S N A — — Lo 3 £ =
J negative flux = reduction (mass gain) Cumulative Mass (Am) Increases | :___a/: i 9-: £ 3
J positive flux - oxidation / dissolution (mass loss) - -1 E\ g =
" . . : ___Anodic Varredura (>-1.6 V): Rate Peak A: [ e 2w
. positive flux with no anodic current - non-faradaic Net Mn Dissolution Range Max Deposition Rate  —— ﬁ - -2 3» p e
dissolution b s N A 0000000000000 . P ” -
Rate is positive (dAm/dt > 0), \ T -3 & @ o
H H - o— m
£ e g e Eco | Deposition accelerates dramatically | |- -4 a =
The cross-over potential (E_.,) read from the massogram tracks the Eco (Crossover): ; i _1',4 i _1',2 ) _1',0 ; -d,8 ' -OI,G
reversible Mn(1l)/Mn(0) potential — unreachable from the CV alone. Deposition accelerates dramatically E/V. SCE

Painel B (dAm/dt) is the Derivative of Painel A (Am); conversely, Painel A is the Integral of Painel B.

FIGURES: Fig. 2 & Fig. 3 — Diaz-Arista et al., Electrochim. Acta 51 (2006) 4393 4/59
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3.1 - POINT 2

Current efficiency: Faraday's law vs. gravimetric mass

Indium on Pt — current efficiency falls as potential rises

xl The M/z read-out

Electrodeposition current isolated from total current via the EQCM mass signal; HER intensifies at
more negative potential.

Potential (V) Deposit mass (ng) Charge (C) Efficiency (%)

M/z = - F

Combining the EQCM mass change with the charge passed yields -0.81 39096 0.116 84.96
the experimental mass-per-electron. Compared to the
theoretical value for a reaction, it reveals: ~0.82 40211 0.126 80.64
-0.84 38613 0.125 77.69
. . . -0.86 35478 0.117 76.57
parasitic charge (HER) = experimental M/z below theoretical
low-valent / soluble intermediates > M/z above theoretical -0.90 32691 0.109 75.63
passivation / film formation - depressed M/z 90
85
85
80 77 76
Since HER consumes charge but adds no mass, the gap is a direct, in-situ 75
efficiency gauge. 70 + .
-0.81 -0.82 -0.84 -0.86 -0.90

FIGURE/DATA: Table 2 & Eq. (1)-(2) — Hu et al., Electrochim. Acta 443 (2023) 141963
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3.1 - POINT 3

Nucleation & growth:
deviations from ideal models

Scharifker-Hills, cleaned up
UNIFIED DIDACTIC FIGURE: INDIUM ELECTRODEPOSITION MECHANISM FROM EQCM DATA (Fig. 7a & 7b)

Current transients are fit to instantaneous vs. [ 1.RAWMASS CHANGEDATA | [ DIDACTIC DATA TRANSFORMATION: | [ 2. DERIVED INDIUM DEPOSITION
3D nucleation. But when HER runs alongside 0 (from Fig. 7a) MASS TO INDIUM DEPOSITION CURRENT i CURRENTS (from Fig. 7b)
deposition, the transient is distorted and the fit —-0.81V| [ INDIVIDUAL CHARGE CALCULATION )
. —-0.82V (Individual charge - Equation)
misleads. 300k{ ——.0.84v Mass Z%F
) ——-0.86V Qe AQ, = x Am (Equ. 1)
£ | — ‘ Z = In3* F = Faraday constant (96485 C/mol) ’
. g U M = Indium molar mass (=114.82 g/mol) )
EQCM fix 100k h 2
. . . [ CHARGE-TIME DIFFERENTIATION )
o mass is blind to HER = differentiate Q(t) from Am(t) 5 C (CGurrent density calculytion) O
to recover the true deposition current transient 0 20 40 tcs;o) 80 100 120 d(Adg’”) (Equation 8)
S L\ 2)
o reconstructed j(t) reproduces nucleation rise + - ’ P ) . =
diffusion-zone overlap decay 3. DIDACTIC INTERPRETATION AND MECHANISM
SEPARATION OF ELECTRODEPOSITION CURRENT PROGRESSIVE NUCLEATION AND GROWTH CONFIRMATION
°° %o 0% ©g%e In : O e o it
c® & _© VOV ® e ;l% e 33825& % — e e matched across all test pote%tials
Indium: GC follows progressive nucleation; on Pt the regime shifts %ﬁgﬁ% ﬁ
' i is di = EQCM data isolates in electrodeposition f llel ive 3D nucleati d growth <o
from instantaneous > progressive as adsorbed s displaced. e B St e e e AR

1.2-1.3x107° cm?s7".

FIGURES: Fig. 5, Fig. 8 & Eq. (3)—(11) — Hu et al., Electrochim. Acta 443 (2023) 141963 6/59
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3.1 - POINT 4

Co-deposition of alloys & incorporation of additives

&

Alloy / phase co-deposition

With NH4SCN, EQCM massograms resolve two
distinct dissolution peaks (l.’, H') — the
fingerprints of separate a- and y-Mn phases
co-deposited from one bath.

o+ Yy manganese

Diaz-Arista 2006 - Fig. 8-12

Additive incorporation

Thiocyanate shifts the cross-over potential
(complexation with Mn?*) and suppresses
Mn(OH), adsorption — the mass signal
guantifies what the additive changes at the
surface.

SCN- complexation

Diaz-Arista 2006 - Fig. 6

Surfactants & templates

EQCM tracks MnO; deposition rate under SDS /
CTAB and cationic-surfactant intercalation,
distinguishing layered 6-MnO, growth from
compact films.

SDS / CTAB / C,*

Nakayama 2025 - §3.1.3, Fig. 3—4

( The gravimetric channel separates faradaic co-deposition from non-faradaic adsorption/inclusion — invisible to the CV alone.

Massogrames distinguish which mass is metal, which is hydroxide, and which is trapped additive.
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3.1 - CASE STUDY

Metal electrodeposition followed by EQCM(-D)

Beyond mass: EQCM-D adds dissipation (AD) across overtones, turning the balance into an in-situ probe of

of the growing deposit.

Workflow — Mg plating in mixed-anion electrolytes

OCP loading

Gordon—Kanazawa pn from Af = interfacial viscosity

Pre-deposition
Am-AQ slope (mpe) reveals adsorbed CIPs / solvated complexes

Nucleation & growth
Sauerbrey - hydrodynamic model as film turns porous

Stripping

Irreversible Af / residual AW - passivation-layer evolution

Co-anion dictates the interphase

7

OTf

thickest, most porous, solvent-coupled film (h = 155 nm); highest
CE ~86%

intermediate, most permeable network (€ = 52 nm); cumulative
layer

thinnest, densest, most rigid deposit (h = 90 nm); stable
passivation

Same read-outs apply directly to Cu, Ni and Zn baths: rate, efficiency, porosity and additive

uptake, all in situ.

FIGURES: Fig. 3, Fig. 4, Fig. 5 & Fig. 6 — Yang et al., J. Mater. Chem. A 14 (2026) 25741
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3.1 - CASE STUDY INTEGRATED OPERANDO MECHANISTIC STUDY:
ANION EFFECTS ON Mg ELECTRODEPOSITION

(a) 1. BULK SPECIATION (based on ESI-MS) B [Mg(solvent),]?* — Hllght iges ,
Refined summary of major ionic species (Table 1 and Fig 2) = 5 electroactive carriers
TFSl-only +BH, +HMDS +0Tf CIPs MTFSI(SOVI”  — (mg(TFsixoTsolv))

Met al el eCtI'O dep 0 Sitio n balseline @H\ /H jw‘ ﬁ/ Q.9 © [Mg(TFSI)(OTf)(solv)]* Relative lin ratios

/\—\

NN

fOll owe d by E Q C M ( - D) L baseline +OTf CIPs co-adsorbing ¥ CIPco-adsorbing j

/——/ = .

<0 I
s @ [Mg(TFSI)(OTH)(solV)]" =<5 [Mg(TFSI)(OTH)(solv)]

-
b Undero-adsorption nucleanon-—gromh—conﬁguratnon stnpplng c ¥
faagoErE 2. PRE-DEPOSITION
248 : © Incomplete Stripping: 0'5 ELECTROADSORPTION
Residual Porqus Passivation Ke) (based on Fig 4b-f)
Beyond mass: EQCM-D adds dissipation (AD) across  Layer F°fma"°:cs¢ée 2 "
. . . . S ‘°!L £ ] s ; oTi {18
overtones, turning the balance into an in-situ probe of e 4 | [P e
. i £ 204
of the growing % % [Electro- adsorptlon of High- Mass—TFSi*BH‘ ——TFSIHMDS —— TFSHOTF s BH, {104
d it 2, LCIPs and Solvent Species i — = uvos| B
€posit. 5 ™ Deposit growth: viscoelastic L g 104 1. =
3 -23 - / i damping (non-Sauerbrey)  {10°g . TFSI
+ () H o 1
N 2000 05V 0v \Nep, 3 >, £ o
%4000 - \~ e‘"“% +o,f75v *1-éV e E % 5 To 15 20 25 30 35
= 000 . D= [ Sinpping Region 0 AQ vs. Aglcm?)
£ Dissipation and Frequency - A CE=027M,+0.24V, CE=0.88% High mass electroactive carriers:
£ 1000 - shifts for all harmonics show high mass electroactive comparion
g viscous coupling to meso-pores from fet, high coasorbing final CIPs
° 50 1700 150 200 | each actsper oof each co-anion
L Time (s) o

(d) 3 FINAL DEPOSIT CHARACTERISTICS (CP MODE, from Fig 6 and SEM) Texturedlextended (OTf) Open structure (BH.,)

200
E thickness (h)
1.54 oTf +BH4 +OTf ‘é,’ 150. p(;nnr:;st:hty (c) 2
S 104 2 Model! fits to CP - o 0%
% 051 § 100- EQCM-D data 2 um )
= 0.0- — - - baseline
e — H BN
105 . o : 9 o : A4 F o0 2
0 05 10 0 05 100 05 10 BH4 HMDS oTf ; £ Um
L Galvanostatic potential profile (from Fig 6a) Model fits to CP EQCM-D data Selected SEM lmages and EDS maps (Fig 6d) |
v =
QUANTITATIVE LINK: BULK SPECIATION DIRECTS INTERFACIAL ELECTROADSORPTION AND 9/59

DEPQSIT VISCOELASTICITY. RESULTING IN DISTINCT FINAL INTERPHASE STRUCTURES
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EQCM turns the deposition current into mass — and mass into
mechanism

O
O

Kinetics Efficiency

dAm/dt vs. E (massograms) reads deposition free of the HER current. Am vs. AQ - M/z benchmarks real yield against Faraday's law.
Nucleation Alloys/additives

HER-free mass transient recovers true 2D/3D growth behaviour. Resolves co-deposited phases, additive & surfactant incorporation.
Viscoelasticity Cross-validate

EQCM-D dissipation exposes porous vs. rigid, solvent-coupled films. Pair with SEM/XRD/EDS to tie mass signatures to structure.

Sources: Diaz-Arista 2006 - Hu 2023 - Nakayama 2025 - Yang 2026 - Zong 2025
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ELECTROCHEMICAL QUARTZ CRYSTAL MICROBALANCE

EQCM in Corrosion Science

Tracking mass changes at the metal—electrolyte interface in real time

Section: Corrosion < ~ 20 min >

Built on: Petrunin et al. 2020 - Parasinska et al. 2024 - Yurt & Solmaz 2020 - Broda & Inzelt 2020 - Walsh 2026

11/59



N A 1 o de Quiir

Why EQCM for corrosion?

— Aresonating AT-cut quartz crystal weighs the
electrode in situ — down to nanograms per

cm?.

— Sauerbrey law: a frequency drop means a mass
gain on the surface.

— The crystal is also the working electrode —
gravimetry and electrochemistry recorded at
once.

— This is what charge alone cannot give: it
separates film growth from metal dissolution.

— Practically inertia-free response (us) = true
real-time monitoring.

SAUERBREY EQUATION

Af=-(2/pqvq) - f,° - Am

Af: frequency shift - Am: mass change - f0: base frequency

Petrunin, Gladkikh, Maleeva et al., Int. J. Corros. Scale Inhib. 9 (2020) 92-117.

COMPREHENSIVE DIDACTIC DIAGRAM OF A COMPUTER-CONTROLLED EQCM SYSTEM FOR CORROSION STUDIES

A. KEY THEORY & PRINCIPLES

(Petrunin et al., 2020), section 2.

Inverse Piezoelectric Effect
* Quartz plate shear modes (standing
waves) are excited by an AC field

Sauerbrey Equation (eqn 4): Am =-C - Af
» Am = mass change (ng/cm?)
« Af = frequency shift (Hz)
« C = sensitivity constant (e.g.,

18.8 ng/cm2-Hz for 5 MHz crystal)
Notes:
* Linear mass/frequency relationship

maintained for thin films (below maximum
resonance frequency variation, e.g., 0.5%)
¢_inertialess response

/" B.QUARTZ CRYSTAL
RESONATOR DETAILS
(based AT-cut quartz resonator for low TCF

Keyhole Electrode Shape (disc

center, neck, fixation in rings)

* Fixed at junction points (
plate edge)

Coaxial connection detail
* Central lead to Rear Electrode (Au)

« (Coaxial Screen and Potentiostat lead to
Front Working Electrode (safe earthed)

FIGURE 4b (Schematic) - COMPUTER-CONTROLLED EQCM setup

C. SIGNAL & DATA FLOW\

Oselllator Voltmeter (Modern synchronized approach)
< /. Control & Synchronized cor_mections_
Coaxial Central Lead Frequency Computer - USB - Potentiostat/Osci

Coaxial Armor/Screen” meter
Working electrode

Data Connections
Potentiostat - Computer
Oscillator > Voltmeter > Computer

Ritrdiics dlectiogs Oscillator - Frequency meter
: - Computer
Potentiostat Modern internal timing above 1 GHz
for millisecond time resolution /
Auxiliary electrode
Working Working electrode is safely earthed
electrode and connected to both
Potentiostat output and Oscillator
e input side via coaxial screen
Auxiliary
® electrode
Data Cables
Electrolyte Electrolyte

~
D. DIDACTIC PROCESS FLOW & UNIFICATION
1. Computer controls the Potentiostat (E-chem) and Oscillator (Frequency) via USB, ensuring synchronization.
2. The Oscillator applies high-frequency and the Potentiostat applies potential/current to Electrode in the electrolyte.
3. Crystal frequency shifts (mass change) are read by Frequency meter. Voltmeter and Potentiostat provide
electrochemical data (V/1). 4. Data is buffered and sent to the Computer for storage and analysis. Calibration can
be achieved via Faraday-law-based deposition (e.g., Copper). Y,
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What EQCM reveals in corrosion

1 Passive film growth, dissolution & breakdown

2 Instantaneous corrosion rates from Am/At

3 Pitting & aggressive ions (Cl-)

4- Inhibitor adsorption & protective films

5 Case study — copper in chloride media

Follow oxide layers form, thin, and lose
conductivity in real time.

Turn the mass—time slope directly into a
corrosion rate.

Detect chloride-driven acceleration and local
attack.

Weigh inhibitor uptake and barrier build-up on
the metal.

Coupled DEIS + EQCM on Cu in 0.1 M NaCl.

13/59
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Passive film growth &
dissolution Metal Oxide  Electrolyte

— Passive films grow as 0% / OH™ incorporate
into the surface - electrode mass rises.

— At the same time metal ions dissolve at the
film/solution interface - mass falls.

— Comparing measured Am with charge g
separates the two competing reactions.

— The growth fraction R_g tells how much
oxidised metal stays in the film vs. dissolves.

— For iron in borate buffer, EQCM +
chronoamperometry resolved a primary film
only a few monolayers thick (~¥1 nm).

Am; = qMy,/nF R, = (Mp, + nF-Am/q)/(M, + vM,) I I

Charge—mass ratio - oxide-growth fraction

14/59

Petrunin et al. 2020, §6.4 - Fe passivation after Marshakov et al. (ref. 37).
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"Watching a film transform & break down

EQCM CHARACTERIZATION OF LEAD DIOXIDE AGING AND RECOVERY IN 5.0 M H,S0O, (Ref. Broda & Inzelt, 2020)

Electrolyte: 5.0 MH,SO, Ml Cycle1 W Cycle3 M Cycle 4 INTERVENTION STEP: 5-minute wait at open-circuit
Scan Rate: 50 mV s I Cycle 2 Wait 5 Minutes After Cycle 3 potential to allow PbSO, dissolution and acid diffusion
(A) 5 (A) Overview CV/EQCM ‘/’/(B) Detailed Zoom of Passivated & Recovered States
1 i ] 104 Recharging peaks (Cycles 1-5):
0 05 Oxidation of PbSO, ‘
2- I=RETsczoossssESssf oot E 0’0-_ s
A : {1 -0.5 - 4
< | Passivation: E 7199 N~ & o1 Detail of passivated states
E ] Inner PAM becomes | ! ~ CycleS: 1 T g 107 . (Cycles 2-4) ]
=~ electrochemically | [ Partial recovery ] T s ek Mgz lontrssmahatin, i s
inactive 1| ofreduction J.y59 ] ., e R, N -,
-8 - ' charge after ] 2.0 ‘: die el ot '" i ‘ :‘ F— "f. (\"ﬂff:'a s Fvarign
10_‘ ' intervention | -200 2.5 e T g B i R
. | ‘\ e
' , 1740 . ~3.0 Partial recovery of | o
124~ oA T === 12300 % 35 reductioncharge -._ .-’ |: 1
; T % after wait K
-14 T T T v T Y T v T T — -350 BT —1 r £ U
04 06 08 10 12 14 16 18 04 06 08 10 12 14 16 18

(Evs.SCE)/V

(Evs.SCE)/V

KEY FINDINGS SUMMARY:
based on article results:

* Dominant reaction in
5.0 M H,S0,:
Pb0, + 4H* + SO,2 + 2¢
= PbSO, + 2H,0
* Hindered PbSO,

oxidation leads to
passivation

* Wait time enables
PbSO, dissolution &
acid diffusion, restoring
PAM accessibility

MOLAR VOLUMES
(INustrative):
PbO, (smaller, e.g., 100%)
PbSO, (larger, e.g., 192%)
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rate = Am/At (ug cm~*min?) i, = nF-(dm/dt)/M

Independent, uninterrupted in-situ rate

DIDACTIC Infographic Table: EQCM-Based Corrosion Analysis of Copper Electrodes with Phosphonic Acid Monolayers

METHOD: Electrochemical
Crystal Microbalance (EQCM)
with Sauerbrey Equation

i
w

Copper-coated
quartz crystal

Copper-coated
crystal

Mass galn  Mass loss

Frequency shift

Af = the mass gaint of balarnes
Am (- (mass gain or loss) — mass
gain or loss and corrosiors from
frequency =t frequenty of
frequency shift.

Corrosion Rate derived from Am
and the controsion sutan data of
at me:adurt places (s ftatnred to
as):
Af = -C¢- Am
Fh
(Cf: sensitivity factor)

Corrosion Rate = EeEirotaATen

Surface

(Data at 25°C in 0.1 M H,S0,)

Immersion Frequency Shift, Electrode Mass Loss, Corrosion Rate

KEY FINDINGS SUMMARY:

Modification Time(h)  Af(Hzcm?) Am (pg cm?) (tgcm™min~')  ORDER OF PROTECTION EFFICIENCY
f 6 8993 -158.89 0.441 @ AHP (1-aminohexyl...
Ung'odiﬁed 12 15056 -266.01 0.369 oo
il 28892 -510.46 0.354 SA3880A%53
L 48 85998 -1329.52 0.462 oensom.a,e,s
( AHP 6 1855 -32.77 0.091 ikl
TAminohexyl 12 2635 -46.55 0.065 ) (2)BDPA (1,4-butane...)
RS oa 3658 -64.63 0.045 (Hieeny) 2t St
- 48 5609 -99.10 0.034 SR 0 gy
BDPA 6 5367 -94.82 0.263 (TR D
1 smedll S0 11229 -198.39 0.275 2 (Reck 5 whh st cte
acid 24 25330 -447.53 0.311 [{Cifataa f cioutat 80 (0.527) Indcating
48 75251 -1518.78 0.5279 “natng ,
s |@) ADBP (1-amino-1...
ADBP 6 7065 -124.82 Y s e
gedibale | 12 12826 -226.61 0.315 S e
phosp!:jonic 24 26718 -472.05 0.328 Branch&‘zdrchain structure -
aci 48 57474 -1015.44 0.353 stable but(l;;:kdg)nsely packed

ranking key 2 BDPA @@

Yurt & Solmaz, Surf. Rev. Lett. 27 (2020) 1950166.

Source: Petrunin et al., (2020). DOI: 10.1142/50218625X1950166X

Af/ Hz

Instantaneous corrosion rate from Am/At

EQCM Characterization of Acid Corrosion Protection on Copper with
Phosphonic Acid Monolayers (Yurt & Solmaz, 2020)

90000

70000

50000

30000

X Bare Cu (x)

A AHP SAM (A)
1| @ ADBP SAM (@)
i BDPA SAM (M)

] at 48h (Faithful Data) »>

Corrosion Rate (ug cm2 min)

AHP: 0.034 | BDPA: 0.527

ADBP: 0.353 | Bare Cu: 0.462

(highest mass

BDPA SAM
Breakdown Area

! %
Bare Cu . 0

ADBP
(high corrosion [l
rate, fluctuating)

Ll
X

Tt

R
O
' \ BDPA
(intermediate then
rapid breakdown)

AAAAAA

AHP
(lowest mass loss,
stable protection)

0 50000

100000
t/s

150000

20()'000 * Defects in monolayer

INTERPRETATION OF
PROTECTIVE SAM ABILITY

AHP SAM (A) } ‘?:;:2/0\9%
BEST PROTECTION ol
« Stable monolayer prevents Cu
dissolution
« Barrier properties are
optimal
* Low corrosion rate

BDPASAM (M) o d’\ L s
SAM BREAKDOWN & "6 on
SOLUBLE COMPLEXATION

« |nitially intermediate

* Breakthrough after ~36 hours*
(Ref: text 36 h breakdown) @/

» Reasons: breakdown + @
soluble Cu(ll) complexes form
(complexation activated corrosion)

* Polydentate nature increases

solubility
ADBP SAM (®) <O L.
HIGH CORROSION, Fluctuating

* High initial rate X

* Fluctuations
(Ref: text defective sites),
incomplete coverage

Overall Protective Efficiency Rank: AHP/Cu > BDPA/Cu > ADBP/Cu

> Bare Cu (Faithfully based on detailed text)
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Inhibitor adsorption in real time

Quartz Crystal Frequency Response

During Copper Corrosion Inhibition
0.1 M NaCl Solution, T = 25°C

— The nanogram sensitivity of EQCM 12,0007 c) No inhibitor
tracks inhibitor uptake as it happens. 10,000 D ek
— Adsorption isotherms (e.g. Frumkin) 8’000_. Berscnte it ,
. . enzotriazoie :
come from EQCM com bined with 6,000 + Exceptional Inhibition. Folate: Delayed and

Stable Inhibitor Film and 522

Accelerated Corrosive Stage
Minimal Mass Change
| \ |

Significant Mass Loss

ellipsometry. 4,000

— Benzotriazole on Cu: after injection the

Frequency (Hz)
N
o
3
i
|
\

mass (frequency) locks in = a stable  —
protective layer forms at once. -2,000 | |

— Sodium folate: mass tracks the bare- Ay R | P b
metal case on a smaller scale - weak, 6,000 1 T ABior: /«' | A $hose Ca
non_IaSting interaction. -8,000 Produtcc:)tsC (c()JrlrJ%SIIOC?mdes éi;&—’ N ﬂ:“i AR 0. ?é:ao??olé?::)

— The contrast is read straight from the 0 5 000 10, 000 15, 000 20, 000'25 000 30, 000 35, 000

frequency channel. Time (s)

Quartz-crystal frequency (mass) vs. immersion time: benzotriazole holds Af

_ constant (protected), whereas folate and the blank keep drifting.
Parasinska et al., J. Mater. Manuf. 3(1) (2024) 8—16.
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® Take-home messages

\(

th

Nanogram, in situ mass tracking

Film growth vs. dissolution, resolved

Chloride & inhibitors, quantified

Strongest in combination

EQCM weighs the electrode as it corrodes — charge alone
can’t do this.

Am + g separate oxide formation from metal loss; rates come
from Am/At.

Detects Cl--driven acceleration and barrier-film formation
directly.

Pair with EIS/DEIS, ellipsometry, XPS, AFM for full mechanism.
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EQCM-D Applied to Polymers

Gravimetric and viscoelastic insights into polymer films:
water uptake, ion exchange, and mechanical stability

Based on:

e Benedetti & Torresi, Langmuir 2013, 29, 15589

e Obana et al., Phys. Chem. Chem. Phys. 2021, 23, 12251
e Easley et al., J. Polym. Sci. 2022, 60, 1090
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Why QCM D / EQCM-D for Polymer Fllms7

High-resolution, real-time mass and rheology at the ng scale

e  Converse piezoelectric effect: an AT-cut
quartz crystal oscillates under an alternating
potential; frequency (f) and dissipation (D)
are tracked at multiple overtones

e  Sensitivity down to ~4.4-17.7 ng cm™2 Hz™' (5
MHz sensors) with >100 pts/s — molecular-
scale access to mass transport

e Af - mass changes; AD -
softening/stiffening (viscoelasticity)

e  Polymers swell and have a viscous
component - dissipation monitoring is
essential

e Coupled with electrochemistry (EQCM-D):
correlates ion/solvent exchange and
rheological changes with redox state

e Applications: film growth, sorption, swelling,
ion exchange, gas sensing, energy storage
electrodes

( A) 1. Bare Sensor 2. Dry Polymer Film (in air) 3. Swollen Polymer Film (liquid)
Nu Filme Seco (no ar) Filme Inchado (no liquido)

5 Dourado Brown Massa Depositada F|Ime Igchado

o2 — erdleo

- S

HICESHEC P

B2 ~—=——— Deposigdo = Swelling

%o Filme Seco Vermelho/Brown Filme Inchado - Inchago

w o ) ; g o

Regime Sauerbrey Regime Viscoelastico

(B) Bare Sensor Dry Film (in air) Swollen Film (in liquid)

- Nu Filme Seco (no ar) Filme Inchado (no liquido)

K. Nu f alta Seco f média Inchado f baixa

= % > >

<5

g=

ro

res

T<

?‘, ?érﬂ?‘Sré’é?,?c??n'&“i'é%é’s"adfﬂc'.?,iiia Massa Depositada / Af Cai | Inchamento e Massa / Af Cai

2 Tempo (s) Tempo (s) > Tempo (s)

(C), Disiposta de Dissipagéo - D

Bare/Rigid Film / Nu/Rigido | Swollen Film (Viscoelastic)
) ) Filme Inchado (Viscoelastico)
Baixo Amortecimento ®

Amplitud

=D<D
Alto D: Amortecimento Rapido
indica Viscoelasticidade

Ll

Resposta de Dissipagéo - D
Amplitude

Time
(D) Measured Response

~<—] Af drop: inchago de massa

© Af drop: massa 1| Af (preto) cai ainda mais para

] depositada ;| inchago e =

N mlgmﬁcatoelasnto

=5 ! 1 Alto AD: viscoelastico

B AD (cir_‘za) Continua baiXO ! Baixo AD' n'gIdo

< Regime Sauerbrey . Regime Viscoelastico N
Time -
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Modeling the QCM-D Response

Choosing b Sauerb J viscoelastic (Kelvin—Voi del Ajuste de Sauerbrey: . Ajuste Viscoelastico:
0osing between Sauerbrey and viscoelastic ( eivin— 01gt) modaeis Regime Rigldo . Regime Inchado/Mole
-
Sensor Revestido (no gas/ar seco) E Sensor Revestido (no liquido/inchado)
Filme Riaid Poli Vit = Filme Inchado, ex: Polimero em Solvente
lime RIgido, ex: Folimero Vitreo o [] Mais 2 N
o = Inchado '@
Profundidade 28 = 29
de Penetragao :[ gg Menos 3%
(Rasa) :é, é . Inchado © 5 5
Bo = Sa
S0 i o
_Penetragéo rasa, . n Ove(régpﬁzl\g?nor OV&?’&M?O’
e Sauerbrey (rigid films): Am = -C-Af/n — valid when AD = 0 and Uniforme: pars overines . Penelragao PentragZo
overtones overlap E g Ve mais ‘Mole' Ve menos 'Mole’
"~
o _ _ o . .S
e Criterion: |AD,/(Af,/n)| < 4x1077 Hz™' - Sauerbrey may be %"é : %
used Ko .2
§ 8"'4_ ] 3“4— \Over(tone Mene%r Sn=3)
. . . . . . . U «@ - Lt WLl e
e  Kelvin—Voigt (viscoelastic films): spring + dashpot in parallel; g §_ ;3 overtordyvisdio (n=7) 855
G*=G'+iG" = uf + IZTl'.fr]f Eu‘: = §' : M(medna(mqueda)) %%E
=5 vertone Maior (n=11) | E°~=
. . (. P i o] _— ;
e Use when AD > 0 and overtones spread; yields pf (elastic shear PRy %”'{3“&'&3’3'SJ&dﬁiai’i."vemne: 22 |acohiamen, Overtones mabreb veem menos Mg
modulus) and nf (shear viscosity) Tempo . Tempo
L}
e Fit > 3 overtones (exclude the fundamental) for a quality fit o 2 : g 2 Overtone Meror n=3) )
. . T o s © o iom=7) 1855
e Extended Voigt: frequency-dependent moduli (e.g., glg : (&:*3 Ove""’(‘:é:’i'fji's‘;ﬁ:ﬁg 258
. () = (] ®5
polyelectrolyte multilayers) Sa *S o Sverions Maror (=11) Eg<
= 3 Dica:SDitssipa ao des;;rezivel (AD =0). = 3 (maior dissipago)
. . . .. . A eta ‘n’ (n maior) para cima. . < [Dica: Dissipagao significativa e escalonada (AD > 0).
e Hydrodynamic model: porous/particulate filmsin liquid Ql »p = O >
Tempo . Tempo

Legenda de Overtones: Overtone Menor (n=3) [Ciano], Overtone Médio (n=7], Overtone Maior (n=11) [Roxo]

Conciisons « Filme Seco / Vitreo « Filme Inchado / Mole
Conclusdes: - Resposta f Uniforme - Resposta f Escalonada
' « Dissipagao Nula (D ~ 0) - Dissipagao Significativa (D > 0)
Nota Pratica: O overtone mais baixo (ex: n=1 ou 3) tem a maior genetra 40 e ve o filme 'inchado' com mais ' Mole', resultando em
maior queda de frequénca e menor aumento de dissi%a%éo absoluta, quando acoplado de forma didatica. A imagem original e do paper 22/59
sti

mostram uma complexidade de acoplamento viscoelastico, escalonando overtones maiores com quedas e dissipagoes maiores para
maanitude ahsoluta. Use modelos viscoelasticos (Voiat) para inchamento.
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ase 1 — Water Uptake by Poly(ionic liquid) Thin Films

PDDATf;N / Pyr..4Tf:N / LiTfz:N spin-coated films
under dry €2 wet N, flow

e Thin films (50-70 pg cm™2) spin-coated on 5
MHz Pt quartz sensors; humidity set by
saturated salt solutions (11-98%)

e  Switching dry - wet N,: f decreases and D
increases, stabilizing in ~150 s; fully
reversible on switching back

e AD changes are significant (>5% relative to
Af) - Kelvin—-Voigt modeling required to
separate mass from viscoelastic effects

e  Model outputs: mass of absorbed water vs.
time + uf and nf for each composition

ge Y
- O
:E‘ﬁ
)
23%"
N
E>~E
8OT 6
U'U-..f
@ Q<
3::\_/_9
o®©
o E
Ll-h
S ~12
_. 80
©
o
x 60
Q
=,
o 40
O
O
S
A
K2
(]
0

Monitoramento de QCM-D de Captacio de Agua

Reversivel: Massa e Propriedades Viscoelasticas
Painel (a): Captagdo de Massa de Agua (Sinal de Frequéncia Invertido)

Inicio do Fluxo de N, Umido

~230 s Inicio do Fluxo de N, Seco

(% (Captagdo de Agua) Captagdo de Agua (Liberagdo de Agua)
Reversivel \ ——
Q f 66 (Filme Mole) vapor | Reversibilidade ]
L T T ~50 S T T T T T

[ Sinal de —Af/n |
- Indica: Mais |
t Massa Absorvida !

Saturagéo de Superficie em

Harmonicos Maiores (ex: Verde)

Equilibrio em ~150 s

x~ (Filme N&o Rigido)

|
: Resposta Escalonada: |
| Acoplamento -

Viscoelastico

Chave Didéatica de
Hanmonicos e Profundidade

de Penetragao (8)

A

L Resposta Escalonada:
Filme Mole

3° Harménico [Preto! )
Penetragao Profunda (Bulk)

1

Penetragao Rasa |1
<2 (Superficie)
VQ Superficie Sensivel [T

Chave Didatica de Harmonicos

| Sinal de AD
Indica: Filme Mais
" Mole/Viscoelastico

—+

+ Dissipagao Alta:

e Profundidade de Penetragéé (d)

= n
b nnfyp

different frequency overtones:
(black) 3rd, (red) 5™, (blue) 7°
th (pink) 9th, and (green) 11th.

< >/ 11°Harménico
11° Q
[ S
70
50
30

O n maior, o d menor. |1
d sensivel a superficie | |
d maior sensivel ao bulco

o

Dissipacéo Alta e
.L Amortecimento
Viscoelastico

L Filme Amortecedor

G' > G" (predominantemente ]
rigido =mdo rigido no seco),

N

mas mole no Umido

50

On

100

150 200
Tempo /s

250 300
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" Case 1 — Rheology the IL Acts as a Plast1c1zer

Viscoelastic parameters from the

Kelvin—Voigt fit — 'mPa°t° na R'g'dez (Pf) \ Analise QCM-D de Equilibrio de Captagéo de Agua (g,) por QCM-D
'S . ] X 1
= A (a) A"mg:t;l;:fzm o - (a) Captagdo de Agua vs. Contetido de POIL (Sem Sal de Li)
«©
° Dry films: pf drops from 12 GPa w 120F 090, (Rigido) = —_ Umidade do Fluxo N, Umido (Satura(;ao) 98%
o | Quebra Didatica %, Sse, ] 2739 25 .-
(pure POIL) to 0.31 GPa with € 9.0 ﬁ“gg Escala ) e . 8 I S T
o~ 90F .4 GPa para a - ) oAy
33% ILand 0.14 GPa at 50% IL e® L L D SEo0k \ _ Elmaz2smgig
. e e © T T o 8= Modelo de Ajuste
- IL strongly reduces rigidity £O 04} Y - € €8 Lfime 50ps0iL :fsg;;dg;ESeguqdi-grdem ]
o 2 - 03l O O i ~ 8315} ‘Sglzérlo/) | aumento 0o contedo de ’
hd G /G =57 for pure POIL vs. <10 o=U g ® : mg'g POIL cria mais sitios w
. . . (&} i @ Menor impacto da agua O (o 5= S para a captagao de agua. 4
with IL: all films predominantly 'g 02} nas misturas com IL . I Sl - B . .
rigid, but coupling with the 3 » ¢ ' == 5107 (om e 7101021036500 ]
& - Ping 3 01fO° Aumento do Plastificante (IL) - , epkecyt ele ey
crystal difrers s i 1
L O I LR = % de PODATEN
e  Hydration: uf decreases for the 9 2
. . Efeito no ACOPIamentON |sc05|dade (T]f) (b) Captagdo de Agua vs. Umidade Relativa (Ternario)
POIL-only film; effect is minor o 12.0 —T 30 e — T T
. = Vr ane Coupled' - - Cofinigao [Pyr (PAH] de Li) o
when IL is present 5 (b) Tfﬁﬁ?ﬁ%:%ﬂ?lﬁ.ﬁﬁﬁi err, Ao Arasc 38 | Composigo: 50% POIL + 50% L + )
o % (Coupled Menor, Ponto o > Ponto e) o & $ w_ 57 +4,8% LITf,N (sal de Li)
. . . s (] 1 —
° Addlng 4.8%) LITfZN- I""f 0-15 9 CEU \I-w 9_0 = O = 5 -g “_E C) /Ponto'remério (Com Sal de |_|)\
o D Captagao Maxima (~30,7 mg/
8.4 GPa and nf 0.51 > 44.4 kg 8- Hidratagdo: 282 2,41 aco% deuriiade, |
-1 (IOﬂIC aggregates with ) = Redugéo da Vlscp§ldade Hidratagao: = E b s ihs. | Efeito do Sal de Li: O sal de Li
Li+)' hydra tion breaks the o 3) 6.0 (Coupled Rigido) OumenLo ge' [a) g é '.—5‘\? (4,8%) dissolve na hidratagéo,
; o iscosidade @ o quebrando agregados
° b= ) . TS5 21 B ; agregados idnicos e criando
© -~ Filme Coupled, o Modelo de Ajuste Exponencial. | 297€9
aggregates a nd bOth drOp _-g = Baixo Arraste O Viscosidade de Cisalhamento (n,): g = B Saturagao d{B Sitios Dislocada malfs sitios Ide Interaé(;ao H.O
e a 30F Relacionada ao acoplamento. = , com a Umidade. \pre erencia coma gua (H,0). )
e Water uptake at equilibrium: 3 A O & Gt »| @ Seco (Coupled 18— : : :
9.4 - 30.7 mg g~" with Li salt; g [  indica Rigidez. O Umido (Desacoplado). 0 20 40 60 80 100
. . ’ ¢ indica Viscosidade de Cisalhamento (acoplamento). . .
- 00—t R % de Umidade Relativa em N,
kinetics follow a pseudo- 0 20 40 60 80 100 '
second-order model % de PDDATf,N [f,’;;‘, Materiais e Composigao: [PDDATf,N] = POIL, [Pyr, ,Tf,N] = IL, [LiTf,N] = Sal de Li.l
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Case 2 — PPy(DBS) in Water-in-Salt Electrolytes (WISE)

ANALISE COMPARATIVA DIDATICA DO MECANISMO DE CARGA EM POLIMEROS CONDUTORES EM DIFERENTES CONCENTRAGOES DE LiTFSI

) | cd . ELETROLITO DILUIDO ELETROLITO MEDIO ELETROLITO WISE
Suppressing volumetric deformation (LITFSI 0.1 mol |.1) (LiTFSI 1.0 mol L") (7.0 molkg! LITFS)
. P 04F T - v T T T T T T —
of a conducting polymer § a) - . N il ®
f g poly : i P | 1. &
E 0.0 q : b 1, ¢
. . . — 1 i | —
e  Dilute LiTFSI (SiWE, 0.1-1.0 = 04 4 v ] ly, ©
mol L™): overtones do not - P b ' y
‘© N == A . a ¢ . d
overlap, large AD, > SNT .l Hemericos 100 5 q\ o 2N\
. . . vertones ¢ . '
viscoelastic changes during gES - ,;éf' \\9 ‘3?3'3‘1%"3) Sy,
. - o : — 0 f o 5 4 -200p—n= a3
redox; cation/water ejection w2 ofes . ettt . : ; oo . N :
; i Q c) armémcos Separados = h)
on oxidation 'g :ﬁ‘é of é iime Mole (Vtscoelgstlco) L 5@. it e i )"ﬂ.-—_,._r_ - :? 4
e WISE (LiTFSI 7.0 mol kg™): '§_‘5‘L>_<, \ \‘P “*-;) A —
T8 2} e i | Harmdnicos Sobrepoétos’ | | Harmdnicos Sobrepostos Y
Af,/n overlap for all S5 3 .\\‘r-:;i’ = Filme Rigido , = Filme Rigido .
_6 ~~ = -’
overtones and AD, < 5x10 a;q,E old - 1.2 i) 4MMassa Aumenta ]
-> film stays rigid, e i N (EjegioMassiva | o0l i (Insercao
-4 2 | Predominant -
. ©c D de Solventes) I
Sauerbrey valid 22 . T i de lons)
(3] E or S B 7 0F -
. E < L 1 L 1 1 1 1 1 1
~ [0)
e Only ~60% free water in the ool : T Trm— 1 02fm; o 40.06
WISE: altered Li*/TFSI~ G - 1 00wy 0T 1 = 1003
. >SS 05 1 02 1 oot i . T
solvation shells 2 e 0.2 el -
jfo S 10 4 04} 1 02t 4-003 © -=
. . 83 1 06} _ ] - {006 & ©
e  Charge compensation shifts o E 15 g.=0 1., £,=0 1 02F g,=0 1908 5 2
from mostly cationic (Li*) & 5 00 % § r 2 1 ool Joos £8
: : - S % i 02} - X
exchange to mixed Li*/TFSI & uf 08 ] [ , Jooo »F
h ith ligibl o) -1.0 |- Suposicgo: TFSI ndo se move] 04 F g {003 8
exchange with negligiole o : Suposiggo: Li* ndosemove | -0.6} : : s . . : 0,06
water 10 05 00 0.5 1.0 05 00 0.5 10 -05 0.0 0.5

Potencial, E (V vs Ag/AgCl) 25/59
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Case 2 — From Rheology to Device Stability

DIDACTIC ANALYSIS: ELECTROLYTE-DEPENDENT CONDUCTING
POLYMER MECHANICS AND CYCLE LIFE PERFORMANCE

Higher shear modulus in WISE = less bending BLOCK 1: RHEOLOGICAL STIFFENING AND STRUCTURAL PRESERVATION
> better energy retention MECHANICAL STIFFENING OF CONDUCTING POLYMER FILMS (Focus: PPy(DBS))
DI].UTE ELECTROLYTE (0.1 mol L") WISE (7.0 mol kg')

Dissipation (High AD) Dissipation (Negligible AD=0)

o o 1 Sized e MASSIVE
e A upon oxidation: "'MP'a range in SiWEs 1,2}%%3?«?&?;0% /7(VISCOELAST|@ 1021%%d§§;1k§?uced " STII(=IG=E:|)ING
vs. “1 GPa for PPy(DBS) in the WiSE — lack & 15| (SOFTENING) | /| CONCENTRATED WISE \ & 0. Low Deformability
of free water to plasticize the chains = 0 47 IN DILUTE ELECTROLYTE HINDERS )= 100‘ Comparative Control:
Ed VOLUMETRIC DEFORMATIONS =107 1.4,PPY(S0)
e  Thick freestanding films: maximum bending 0.0 . |} 1074 10
. G =
angle decays from ~56° (SiWE) to 3.5° 2] ' '\"F“Eg:glrj:seigj;?te 18.21 :,13(2)
(WISE); viscosity alone does not explain it Oxidized ~ Reduced stiffness (trapping) Oxidized 7.0 molkg™ | 02
e  PPy(DBS)/AC cells: 86% energy retention BLOCK 2: ENHANCED CYCLING STABILITY AND ENERGY RETENTION
after 600 cycles in WISE vs. 76% in 1.0 mol EXTENDED ELECTROCHEMICAL PERFORMANCE VIA STRUCTURAL STABILITY
-1 H ~ 0, H o
L SIWE (730% less fading) Z100(m _L-Retention ~87% (WiSE)
. - - : 2 I -
EQCM D +dynamo vqltam metry agree. c 95 B o © = Retention ~73% (Dilute)
WISE hinders mechanical deformation of Y N
he pol x 90 . * o b
the polymer z = IMPROVED RETENTION:
S 851 WISE reduces cell energy
S Q : 1 fading by ~30%,
@y | o c0| © WISE(7.0molkg ) extending device life.
5] ® Dilute (0.1 mol L") = T
g W 75 ,

0 100 200 400 500 600
Cycle Number 26/59
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Take-Home Messages

e QCM-D separates mass from rheology: dissipation is the key to polymers, which are rarely rigid
e Model choice matters: Sauerbrey only when AD = 0 and overtones overlap; otherwise Kelvin—Voigt (uf, nf, G'/G")

e Small molecules control mechanics: water plasticizes POIL films; Li* builds ionic aggregates that hydration
disassembles (Case 1)

e Electrolyte engineering: WiSEs limit water exchange, keep PPy rigid, and extend capacitor cycle life by ~30% (Case 2)
e EQCM-D quantifies coupled electron—ion—solvent transport in redox polymers (Case 3)

e Careful practice (thickness, baselines, bubbles, drift) is what makes the data quantitative

References: Benedetti & Torresi, Langmuir 2013, 29, 15589 ¢ Obana et al., Phys. Chem. Chem. Phys. 2021, 23, 12251 e Easley et al., J. Polym. Sci. 2022, 60, 1090
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® TECHNIQUES IN ELECTROCHEMISTRY - 20 MIN

EQCM & QCM-D in
Bioelectrochemistry

Electrochemical quartz-crystal microbalance with dissipation as a real-time, label-free
probe of biological interfaces

SAM platforms Protein adsorption Antibody / DNA Enzyme electrodes Cells & biofilms

Figures cited on each slide — figure number + source paper
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@ SECTION ROADMAP

Five faces of EQCM in bioelectrochemistry

SAMs on Au crystals Protein adsorption Antibody & DNA
Self-assembled monolayers as tunable Mass + conformational change resolved by Affinity recognition and hybridization
biosensing platforms dissipation detection

Enzyme electrodes Cells & biofilms
Catalytic activity and bound mass tracked Adhesion, cytoskeleton and fouling on
together electrified surfaces

29/59



@ FOUNDATION - AF AND AD

Why dissipation matters: two
independent signals

e Af tracks mass coupled to the sensor (Sauerbrey for thin, rigid films).

e AD reports viscoelasticity — soft, hydrated biolayers deviate from
Sauerbrey.

e Together they separate dry mass, coupled water and conformation of an
adlayer.

e EQCM-D adds a potentiostat: the crystal electrode is driven
electrochemically while Af/AD are recorded simultaneously.

e Enables one experiment to link electron transfer, mass change and film
mechanics.

Take-home: arigid protein shifts Af only; a hydrated biofilm shifts both — QCM-D sees the
difference.

Fig. 1 - Dixon 2008

(d)

FIGURE 1

. QCM-D eamponents: driven crystal (b)decaying oscillation (d) —. .
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Thiol self-assembled monolayers chemisorb on the gold electrode, giving a defined,

SAMs on Au crystals as tunable surface.
biOS eHSing platforms Spacer—arm Ier\gth and lateral density set orientation, packing and how far the

biomolecule sits from the transducer.

Layer-by-layer (glutaraldehyde / lysine) or carboxylate—Ni(ll) chemistries graft

COMPLETE DIDACTIC FIGURE: POLYCRYSTALLINE GOLD MODIFICATION FOR HIS-TAG PROTEIN BINDING proteins onto the SAM.

Step & Conditions Molecular Surface Reaction Diagram Callout & Stable Name\ Same Au/thiol scaffold serves electrochemistry and QCM-D — ideal for EQCM.

Cysteamine NH, NH, NH, ANCHORING
(abs. EtOH)SAM | & selesldeoe  FIRSTLAYER Au/ Cyst

formation . Ausubstrate | (Amino SAM) (Amino SAM)

DIDACTIC REPRESENTATION: POLYCRYSTALLINE GOLD SUBSTRATE FUNCTIONALIZATION FOR ENZYME IMMOBILIZATION

Glutaraldehyde REACTION | Imine bond ~CHO
(Pyridine buffer) | OF AMINO \,Nﬁﬁl coo  omrNe  Au/Cyst + Glut (1) BARE POLYCRYSTALLINE GOLD SUBSTRATE —— e e

N/
exposed chelating WITH P
group grafting ALDEHYDE | <Steats

By Imine & Aldehvde/COO- STy ST amino group DENSITY ON IMMOBILIZED ENZYME FUNCTION
=k > PRECURSOR | y ) LSBT modification i - INCREASING LINKER LENGTH (from .1 to .3):
» H;N \ Improves Apparent Km (value decreases) &

N\

T . y o O O30 o) BLOCKING a Dl S ¢ Cys-chain  Glutaraldehyde Max Current (imax increases).
s Acetic anhydrlde }\N‘N ? UNREACTED Au/ Glut + A020 T Polycrystallme Au SubstrateA_i (integration from Part | and Part Il)

(3) GLUTARALDEHYDE ACTIVATION - DECREASING LATERAL DENSITY (SAM 1 vs
an(lall!l):bEltt)gll(-ll)ng AMINO GROUPS (Mixed SAM) Deposition ofl (SAM 1.1, SAM 2.1) SAM 2): Lower density prevents m(ultipoint

P S ia e S Non-specific F
— = Bmgjmg Prevention) Mixed SAM

(2) MIXED SAM MONOLAYER BASE Layering of Lysine residue >
NaBH, o O FINAL STABLE beta-Mercaptoethanol [~ reine ikere & ’ .
(Pyridine buffer) » - T T CARBOXYLATE Au/COO i o e(gmg)e ane Glutaraldehyde H,c” 0" o} & Yy O S Laccase

A . 2 Cysteamine 3
calrrlf)lg;;lraﬁgt;cet:%mion . SAM GENERATION (Stable SAM) L b activation 1! Glutaraldehyde linker SRR

\ $ NG o (4) SINGLE LYSINE LINKER LAYER Laccase Enzyme
OYO Nl?O 0 DEVELOPMENT Au/ COO + Ni ‘ /‘\ 3 l ST ) ;>’ <N (SAM 1.2, SAM 2.2) Immobilization <

' ; o- OF BIO-AFFINITY — .
Nl(lcl:)h(eala(l]t} oy _chae N Ndso,  PLATFORM  (Ni(l)-Chelating Doublo Lysing nkers
f I | & ' &"l (COO-Ni(ll) Platform) & Glutaraldehyde,, -4

COMPOSITION OF DEPOSITION SOLUTION: | activation

covalent attachment, enhancing enzyme
kinetic parameters (Part Il analysis).

Hise-tagged 4 HIS-TAG PROTEIN BINDING & REUSABILITY - Mixed Solution of Cysteamine (Cys) & B-ME

A &L o X 5) DOUBLE LYSINE LINKER LAYER
Proein ETAD 00 o (i) & —bie Resite _AAMT 2N O 1. 5AM 23

: : Coordination
His Pesicue L @ ofiifo 0 (displaces == COMPETITOR ELUTION COMPOSITION OF DEPOSITION SOLUTION: RHEOLOGICAL & PIEZOELECTRIC INTEGRATION
= (dlsplaces water) (CH,),CYO‘(CH ) NetRy) (g?;gegtsltg:;g?rﬁt Lateral Density modulation: - Soft, more hydrated films (e.g. linker-modified SAM 1)
Ny N— e e
= i) Surface Show reversibility = ‘ :

- Mixed Solution of Cysteamine (Cys) & B-ME (Part | Findings):

FINAL ENZYME-IMMOBILIZED PLATFORW) k&4




LA/ 1 0 de Quiim
o TOPIC 01 - REAL-TIME ASSEMBLY

Watching the platform build, layer by layer

e Each grafting step gives a discrete Af drop

Step I: Step Il Step lll: Step IV: Step V: Application: L
Cysteamine SAM  Glutaraldehyde  Amine blocking  Imine reduction & carboxylate Ni(ll) chelation Histidine binding — mass added and quantified in situ.
Formation functionalization (Ac,0) generation (NaBH,4) & Demonstration 40
% 40F —~~ 3l 31 18 7l e Non-spreading overtones + low AD confirm
"; 3 5 [ i 4 QL 71 130 an acoustically rigid, well-formed film.
o I T T T ) = . ) e yeps
3 c i [ 1\ 4 \ e 2 5 T 6 71 [838888388500888880 = o 5 ° A viscoelastic 'wet' step that rigidifies on
~_ -40F 1 Mass Loss & 2 Stable COO-Ni sl o0 © P ;
o : : Glutaraldehyde e i(l)  Demostrarting c rinsing reveals loosely bound material.
2 ‘E piationliesomptcn Adsorptio)r/1 Surface Chelation surfac;\3 i(“t)eradionii F: o 8 y
i v _ o K some Ni(ll) remova Q = . . .
- 80 n=5  Overtone Order: (1=5,7,9, 1)) R 3 & e His-tag capture is confirmed when a
o Add n=7 -Trace examples Add02mol - 10 - . .y .
8 Cysteamine O n=11 - Dissipation shifts (circles) . His Solution R competitor (His / imidazole) partially
© -120F Add Glutaraldehyde Forming stable ; 1 (@] Ni(11)
< in abs. EtOH in Pyridine Buffor cliblatts complex removes Ni(ll).
o) Qs T e dgmonstrtati?ns 40
Z - - isco- ici O—G emonstratin
b \Film '"?rrfrisgfu‘{éfgfdg'ﬁ sé'é"ty Secondary Events Key: surface interaction:
. T alaeny 2 - Ethanol wash, 3 - Pyridine  Viscoelastic properties
- ngldlﬁclzatlon . Ponmlenzatlon . lbuffer rinsinlg,7-Watler rinsingI demonstrate protein action 10
62 18 19 20 21 22 23 24 25 26 27 28

Time (t/ h)

EQCM value: mass, rigidity and reaction
completeness — without any label.
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@ TOPICO02: - ADSORPTION & CONFORMATION

Protein adsorption and
conformational change

Real-Time QCM-D Biosensing: Differentiating Rigid vs. Viscoelastic Protein Adsorption

(a) (b) (c) (d)
Human serum albumin (HSA) First Buffer Rinse: Anti-HSA antibodies bind to initial Final Buffer Rinse washes
adsorbs. Frequency drops (mass Loose excess layer. Large mass increases (steep away loosely bound antibodies,
° Rigid protein (HS A): | arge Af, negligible AD — increases), but d?ssipat_io_n is buffer is washed b!ue_drop), pai_red w[th massivg leading toaconfqrmational
i ] unchanged, proving a rigid, non- away. dissipation spike (climb), proving change of remaining film.
Sauerbrey mass is reliable. flexible film. a thick, soft, highly hydrated film.
: (a)
e Antibody layer: large Af and large AD — v ) (c) (d)
extensive coupled water and softness. . —L ¢ 4 v 6 Ras
:Q - - m q’ ©
: : . . . : o T 904 v L5 €3
e AD is the fingerprint of viscoelasticity — size & » g 20 j | 5 eE &3
d flexibilit ise it ioht @ ‘EU 2 @HumanSerum Anti-HSA @ 8 (2B
and flexibility raise its weight. & n £ -40- Albumin (HSA) Y. _(Y 3 Anibody -4 5 2 T3
: 1 o s, ' = E
e Abuffer rinse that changes signal without E,‘ ~ - MRy © e & 3 5 23
net desorption exposes a conformational o E. 2 Af‘tAD ; ) 'g * < 2
change (re-orientation / dehydration). 3 g el T ; ? Z, § 5
1™ o = - - 0
. . L e | a8 d5:E
e Comparing QCM-D mass with SPR / —- 0 1
1 I 1 1 N 1 1

20 30 40 50 60 70 80
Time (minutes)

ellipsometry quantifies hydration of the film.

Denaturation on immobilization tracks with film viscosity — softer # more active.
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@ TOPIC 03 - MOLECULAR RECOGNITION

Antibody-antigen recognition & DNA hybridization

AFFINITY CAPTURE

e  SAM - biotin - streptavidin - capture
antibody builds an oriented recognition

layer.

e Antigen / vesicle binding is read as coupled
Afand AD — specificity checked against

isotype controls.

e  Steric crowding of antibodies can lower
capture — spacing matters as much as

density.

DNA HYBRIDIZATION

e  Probe strands immobilized on the crystal;
target binding adds mass (Af) in real time.

e ADdistinguishes rigid duplex from flexible
single strands — a conformational read-
out of hybridization.

e  Basis for label-free genosensors, ss-/ds-
DNA scaffolds and DNA—protein studies.

A

Nanostructured Biosensor Surface Tailored to Analyte Feature Sizes for Amplified EV Detection

Conceptual Approach: Tailoring Active

Sites to Analyte Feature Sizing

Antibody \

l. Block Copolymer
Self-Assembly

PS-b-P4VPgcp

._ ‘AN B E
g T— Polystyrene
(PS) Matrix

Poly(4-vinylpyridine)
(P4VP) Cylinders

 Piece of piezoelectric quartz |V, Immunofunctionalization

L with metal electrodes

e e

Steric Clashes
limit EV capture

Antibody  Facilitated EV
«“anchored due to
P reduced sterics

Il. Selective
Impregnation

[AuCl,]- salt
f precursors

P4VPuP4VP P4vP

lll. Template Etching &

Reduction
Polymer

O, Plasma RIE“[RscaffOIdd
emove

& Sensing

B Fabrication Stage I:

Block Copolymer Self-Assembly

2
)
=]
3

A [BCP1) (SmaII Cyllnders)
-

Z-Height / nm

e ~ 74 nm (GISAXS)

Fabrication Stage llI:
Template Etching & Reduction
(Final Au NPs)

Z-Height / nm

& 0.00 nm
23.17 nm

Dioda ~ 59.9 nm

C Microstructure Quantitation
and Sensing Comparison
Particle Diameter Quantitation

(Didactic Histograms)
lllustrative single

/ i IHeight

1—5
Diameter

il
30 50 90 (D, . ~59.9nm

NP Diameter (nm) NP Diameter (nm)

- N

Freauenty

Inter-particle Spacing (D, Quantitation)

D,
«5 D,c~271m (BCPY) u&q

/ D,..~74.3nm (BCP2) UL)\J/

Didactic Sensitivity Summary:
Large Au Islands vs. Flat Gold

EV Sensitivity - 4-fold Higher
(LOD ~ 5.2 x 107 vs. 2.15 x 108 ESPs/mL)

Despite 4-fold LOWER |} X
area for analyte and ‘Q }??
ligand anchoring /
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@ TOPIC 04 - CATALYSIS MEETS GRAVIMETRY

Enzyme electrodes & biofuel cells

sensitivity.

chronoamperometry (activity, imax, Km).

e Immobilized laccase oxidizes phenolics; the electroactive product is read by

Longer linkers lower apparent Km and raise sensitivity: enzyme lifted off
the support is better solvated.

Film viscosity correlates with denaturation; hydration correlates with

Directly relevant to laccase biocathodes for implantable biofuel cells.

. . A
e The same electrode is a QCM-D crystal - bound enzyme mass and film
¥
Electroanalytical Kinetic Estimation: Laccase Immobilized on Au-SAM Biosensor %
]
= e DIDACTIC SCHEMATIC 40
A The steady-state steps are B 1200 & TExtrapolated Catalytic Capacity (lna) c COLUMN § HE
8 fnegative-goingbredkuctionsd “'g Laccase Enzyme Layer o :'
rom a positive backgroun S 1000 o
e current, directly proportional to < (illustrative but plausible ffffffffffffffg’?ff SAM @ =
o enzyme reaction velocity. = 8001k at] / as valures but plarsibl)e Au Electrode QX
E 6l Substrate ,é‘ ] generic range values N -
© HQ Injection - z 600 Y. **DIDACTIC ANALYSIS RESULTS™ EaAcciian @
< (~50 pM) cell conc. HQ Injection 2 2 400 Apparent Michaelis Constant (K,,) ~ 205 uM ﬂ)
c | ._O_. (~100 uM step) = i | | Maximal Current Density (jyyq) ~ 1010 nA cm2 %
~— { @ 200-f | | |Biosensor Sensitivity = ipo/K,~ 4.68 nA uM* cm? ¢
*~ 4 | Hydroguinone (HQ) HQ Injection 3 5 | sensitivity as slope at low [HQ] [low [HQ] | g ;
el 5~ (5] 0 ! 1 Hydroquinone Hydroguinone
3, (~150 uM step) z r Y . § (HQ) (HQ)
b A L 0 200 400 600 800 1000
7 HQ Injection 4 [Hydroquinone] / pM Catalysis & Reduction
c | o (100 pM step) v o, B
8 2F g The steady-state steps are HQ Injection 5 [ sy IS the extrapolated total | HQ
- < negative-going reductions / (~150 uM step) Q catalytic capacity of all active
c & || from a positive background ] amange : enzyme in the film, not directly Bctaco : =
() o | |to enzyme reaction velocity. \ ' . |_reached in the plotted range. ) \ p-Benzogquinone =a
5 S Step C f?;?ff??? 1‘4;1 = 2%
. 2 . _ Step Current § & 3 : B
O ol Current scale bar: 200 nA cm: [A'step = Cu"l;m Magnitude}>‘ s Sl TEEcron 2e § NE
" : - ; / &S
Time duration scale bar: 50 s (Reaction Velocity) I:’ Enzye CHdza Qs s
: L 2 L x ! * L L L Quinone. Electrode -_—
0 100 200 300 400 500 600|| reduces Quinone - HQ S
" -Q, generating the o =
Time (tl S) current signal steps. 8
S=
=

EQCM lesson: bound mass alone can't predict performance — rheology completes the picture.

Effect of Hydration on Biosensor Sensitivity
16 1 [ # Non-rigid protein films M Rigid protein films
14 -
12 4
10 A
g *
6 - SAM 2.3
4 A SAM 2.2
2 SAM 2.1
0 T T T T 1
0 0.5 1 1.5 2 2.5
Relative film hydration Index (M,/M;)
Reciprocal of Sensitivity vs. Reciprocal of hydration
0.6 - | 4 Non-rigid protein films M Rigid protein films |
05 - y=-1.3327x + 1.0367
: § R?=0.934 SAM 2.3
04 |8 y=1.0712x-0.7624
é' R?=0.9055 /
0.3 =
= B/ sam2.2
0.2
\/ B sam2.1
0.1 - A
Increasing protein content Increasing water content I
0 T T 'y T wi T T - 1
0 0.2 0.4 0.6 0.8 1.2 14
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@ TOPIC 05 - LIVING INTERFACES

Cell adhesion &

biofilm formation

Section A: QCM-D Principles and Standard Adsorption Signatures

on surfaces

e Cells exceed the ~¥250 nm acoustic
penetration depth — the AD signal
dominates, reporting contact points
not total mass.

e The AD-Af plot resolves stages: initial
adhesion - attachment points -
spreading - ECM production.

e Cytoskeleton drugs, apoptosis and
cell lysis give distinct AD—Af
signatures in real time.

e Bacterial adhesion / biofilm growth
and antibacterial action are followed
label-free — key for implant surfaces.

AF 4
Y * Af o« Mass Change
2 == (Kanazawa-Gordon Eq.)
Switch o S W
o 3 8
T | Afoc Mass Change :
i (Kanazawa-Gordon Eq.)
Supply Time time
Piezoelectric Dissipation Change,
Quartz Crystal Elegt(::gi - AD : %55

EEEY

Teb

uT—::::::Iﬁff.%”

Mechanical Oscillation (Af)

. Lot
Soft, visco-elastic AD:’;O

layer (high dissipation)
AD>0

Soft layer, Rigid layer [ g

AD=0

Damping/viscoelasticity (AD)

AD o Vi
(Voigt model for viscous layers)

Side-view

time

Biosensors

O
yé.
analyte
capture
Multilayer Assembly
Af monitors ~
film thickness
Protein Adsorption
% Protein A
88
Protein A g8 (a0 = AD)
Protein B

Cell/Surface Interactions

Adhesion
oints =
AD signature ) | =

Section B: Cell Behavior Signatures: The AD-Af Plot
Plot 1: Cell Adhesion Signatures
(e.g., fibroblast on collagen)

Plot 2: Cytotoxicity & Lysis Signatures

Real-time assessment of cytotoxic me-
D hanisms, based on Fatisson et al. (2011a),

Five stages of A D Monitoring of cytoskeleton - 4
cell adhesion peomant:sbon andwshwation]]) - fytopaXiT ZONEA: 5
3 Triton-X 100 ZONE B: LPS °
. Westas et al. (201 (Cell Lysis) 0 (Cell h )
Af decreasos \ %', e
%3 I, Attachment Points 1. Micelle Adsorption A
(mass.idded) S % 1 &) (More cells adhered, Water Release o 'f
. % < v attachment points (mass increases, stiffens)| by I (@
RS mcrzalsed. f;omogde)neous S .
3 +, [Afdecreases,) layer forme / 1. Cell Lysis N
,.-'“V . GeliSpreading %' ol *...  BEACs
¢ s of celis, M .
ECM "V < cytoskeletal onS
“Wifdecreases)  reamangement,  w _ oA % sive D ment
I Initial Adhesion |« (A decreases,)  rearrangement, 2= from spread to ound ce
F;e"s close, behaving _L+° / ﬁx}ala Ihesion . 1l (from spread to round cells)
ike coupled osciltator v

[GRANELI-effect]) 0 I1. Cell Lysis
Afincreases, (effectively mass loss)
A0 slightly increases

fand
A (i)

ZONE A (Lysis) is negative Af,
ZONE B (Detachment) is positive Af

Plot 3: Platelet Activation &
Cytoskeleton Modification

Evaluation of surface
thrombogenicity, based AD 0 platelet
on Fatisson et al. (2008) g
II .

Initial Interactions among < &
3 Platelet Spreading
sensor and platelets ',- 5 3 Pseu ‘&P i
oW J& Formation
S Strong AD increase
JS
I_Ag‘ﬂle‘%r.eases, F igher slope = higher
s increase/ i = hi
e : ' R thrombogenicity; low

anchoring results in
less rigid layer

49 platelet

On electrified, bioengineered surfaces QCM-D
predicts in-vivo cell behavior no optical assay
captures.

QCM-D MONITORING OF NIH3T3 FIBROBLAST BEHAVIOR STAGES ON A BIOENGINEERED SURFACE
A: Cell Seeding B: Cell Adhesion

s "

C: Cell Spreading D: Cytoskeleton Perturbation ~ D': Cell Recovery

(Cytochalasin D, 2 ug/ml)  (After Agent Removal)

) 4

V V

\ — Adsorption —

0 ; e Oﬁ;
5 = ..

Frequency Shift, Af (Hz) >

[ 1 [ IR

-90 —
0 30 60 90
Time, t (min)

i .
120 150 180
(Filled Shapes: |

A 3rd Harmonic

@ 5th Harmonic

& 7th Hamonic

. Dissipation Shift (AD)

= Adhesion & Sprelading vatoskeIeton Modification
S 304 - s N N
\g' 25 A s o o
o [ T\ g
5 / ) -
[—
2
g
.‘2 H H
= 04 . : Cytoskeletorr M9diﬁcation

0 30 60 90 120 150 180

Time, t (min)
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@ SYNTHESIS

What each study contributes

Application Signal read-out

. SAM biosensing platforms Af / AD per build step Valenti Fig 1 & 3 - Fogel Fig 1
. Protein adsorption + conformation Af mass, AD viscoelasticity Dixon Fig 2

. Antibody & DNA recognition Coupled Af + AD on binding Suthar Fig 3 - Dixon Fig 2

. Enzyme electrodes / biofuel cells Current + mass + rheology Fogel Fig2 &5

' Cells & biofilms AD—Af stage signatures Tonda-Turo Fig 1 & 2

. EQCM-D coupling Acoustic + EIS impedance SutharFig 1& 6

Across all five topics the pairing of Af and AD — extended by electrochemistry — is what turns a mass balance into a biointerface tool.
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ELECTROCHEMICAL QUARTZ CRYSTAL MICROBALANCE

EQCM in Electrochemical
Capacitors

Gravimetric insight into ion fluxes, solvation and charge-storage mechanisms in
EDLCs, pseudocapacitors and conducting polymers

Supercapacitors module - ~20 min
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ROADMAP

Outline

EQCM fundamentals for capacitive storage
Sauerbrey equation, gravimetric CVs, PZC as the compass of ion fluxes

Which ions carry the charge in carbon EDLCs?
Counter-ion adsorption, co-ion desorption, ion exchange &
permselectivity

Pseudocapacitive oxides & conducting polymers
MnO2 / RuO2, MXenes; PEDOT & PANI proton/anion fluxes (EQCM-D)

EQCM in Electrochemical Capacitors

EDL vs. pseudocapacitive contributions
How mass—charge signatures separate the two mechanisms

Solvent and (de)solvation in confined pores
Solvation numbers, partial desolvation, pore-size effects

Beyond Af: ac-electrogravimetry
EIS + EQCM to deconvolute cation / anion / solvent dynamics
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DIDACTIC REPRESENTATION OF ELECTRIC DOUBLE LAYER MODELS AND CHARGE STORAGE

FUNDAMENTALS @ CLASSICAL ELECTRIC DOUBLE LAYER (EDL) MODEL C ION FLUX AND CHARGE STORAGE MECHANISMS DRIVEN BY PZC

h u h | 'eiglg?"zé Diffusion layer © Bulkelectrolyte A
T e PZC ls t e oo @ © e I CATION ADSORPTION ANION ADSORPTION
«ng.f’f @ ; ) ® ' ) superﬁqie negativa, superfiqie positiva,
- g«- @8 i ® | @ Cations e atrai cations atrai &nions
B - : ] lectrol
compass of ion fluxes i o | 2%e | &8
00 o @ | @@ ©lg ®
i @ @ >
- . = @@ H : § >
EQCM cell: carbon-coated quartz C ION FLUX AND CHARGE STORAGE MECHANISMS DRIVENBY PZC 5 [ IlI v
= i - + Il [ é %
sensor =WE,ina3 electrode cell (CE CATION ADSORPTION ANION ADSORPTION © 090 | POBO @ 4O ©)
RE) = Patai cions Ptaanons | mo=---- ‘ 4_@ A LR
5 . | eFlee O52C Sriwe
= Potential of h (PzC) g\ @@ i on EX‘CIHANGE E—>@)'® v > . IONEXCHANGE
otential Oor zero C arge ANION DESORPTION émgggzr;g:‘i’ecgltiigt:éef CATION DESORPTION ANIOI’fp_ESORP'[ION Emtség?y:n:?oe%g{lionéei CATIOIrIf.D.ESORRTION
separates two charge-carrier regimes: s sando | sandolenrando | PSRN ionssando | sandolentando_* catons Sando
Charge (Q) 4 Charge (Q) "
— ¢ > PZC - anion adsorption compensates EQCM CHARACTERZATION OF ION FLUX AND ADSORPTION
positive charge IN NANOPOROUS CARBON
a EXPERIMENTAL SETUP
- cb < PZC % cation adSOFptlon External Counter _ WE CE _ External Reference
compensates negative charge Electrode (CE) +— Electrode (RE)
— Near the PZC - mixed ion exchange Electrolyte: CsCl 0.5 M
(counter-ion in / co-ion out)
Working Electrode (WE)
* Landmark: activated carbonin 0.5 M
Q_uartz crystal sensor
CsCl — mass change follows Wi banogorous:cainon
polarization; higher overpotential vs. b DATA ANALYSIS AND CHARGE STORAGE MECHANISMS
PZC = more permselective electrode el ., Gye? s v il

(Cation>’ G5 )

pore
nanoporous carbon

» PZCisset by carbon—electrolyte
interactions: local structure, doping,
surface groups = it can be engineered

Mass
(converted from
frequency change)

Anion Ad§orption/Desorption
regime (¢ > @pzc)

Entering Iﬂ @! 41/59

pore

Potential
(applied voltage)

EQCM in Electrochemical Capacitors

Time nanoporous carbon
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MECHANISM DISCRIMINATION
Distinguishing EDL
from pseudocapaCltlve . MnO2 (NMO): surface pseudocapacitance at low charge density - intercalation
COIltI'iblltiOIlS pseudocapacitance at high charge density (EQCM + in situ Raman)

. Charge depends on proton availability / surface redox groups, not only on ion adsorption

Pseudocapacitive (faradaic)

Redox bumps in CV; gravimetric CV (-dAm/dt vs. E) shows peaks aligned with current peaks -
ion (de)intercalation

EDL (electrostatic)

. Rectangular CV; mass change

tracks ion adsorption/desorption a) Pristine Activated Carbon b) Oxidized -Activated Carbon
only (YP50) - IEP >7 (o-YP50 with OFGs) - IEP ~ 3
. Am vs. AQ linear, slope = molar g 0’8_. ?c: 0’8_.
mass of the adsorbing ion @ 061 @ 0,61
(Faraday's law) g 0,44 g 0,4
. Raman bands of graphene-like Iy 0’2'_ F 0»2‘_
carbons remain unchanged during § 0,01 E 0,01
charging = 0 = .02
E 04! € 04l
8 T —pH 1 8 :
Functionalized carbons blur the £ 06 ——pH 3 g 067
line: oxidized YP50 (0-YP50) shows % -0.8- :p: ;-2 § -0.8-
+73% capacitance at pH 1 vs. O -1.01 ! : : : P =— O 10l — . : I :
pristine carbon — redox activity of -0.8 -0.6 -04 -0.2 0,0 0,2 -0.8 -06 -04 -0.2 0.0 0.2 04
O-groups + surface-charge effects E vs Hg/Hg,SO, (V) E vs Hg/Hg,SO, (V)

superimposed on the EDL.
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CARBON EDLCS

Which ions carry the

Solvent Co-Adsorption
100 A o
charge? The slope test )
r?‘E 80 A g
= Compare experimental mass—charge o £
slope (ke) with the theoretical Faraday ELECTROCHEMICAL & MASS-CHANGE ANALYSIS OF CARBON ELECTRODES &£ -
. (A: Capacitance, B: Mass/Potential Profile) f— 60 -
slope (kt) for bare counter-ion &, | A Cyclic Voltammetry (Specic Diferential Capacitance) | SETCREEELS | 5
TP = Carb d =
adsorption: 52, J gﬁﬁ%ﬁ% 2
) L Eg 0.1 M LiBF, in PC <40 N
- ke < kt 9 on exchange (counter-lon In+ ?, % -3 Observation: Significant ion flux Scan R;te Kev: .5 ?Eiﬁf{siéﬁw
. == overlap due to Li-ion trapping v ° S
i t) 5S 6 - ' —10mVs' g ~
co-lonou 28 17 22 27 3.2 37 e mw 2 , )
— ke =kt - pure (bare) counter-ion = Potential vs. LilLi* (V) L <
adsorption B. Real-Time Mass Change & Potential-Time Profile
10 mV s interval 50 mV s interval Rapid potential 4 2
— ke >kt - adsorption of partially/fully

solvated counter-ions

steps
i {37 01 : ‘ , ‘ : :
3 —4 -3 -2 -1 0 1 2
8r 132 p Surface Charge Density, Q (mC-cm™2)
= YP-17 in CsCl: ion exchange at low charge al 1“5
density > counter-ion adsorption as 15
0 . . : 17
0 10 20 30

charge density grows; water enters pores
at high polarization (electrode expansion) Time (min)  ta & Profile Key:

—Black Trace: Mass change at 10 mV s
—Blue Trace: Mass change at 50 mV s-!

* |on SieVing: TMA* < TEA* < TBA* < TOA* —Red Line: Overall Potential Profile (vs. time)
— bulky cations shift the ion-exchange

Mass Change (ug)

(A) 41117 "sA Jenuajod

. . Figure. Cyclic Voltammograms (presented as differential capacitance) (A) and associated
reg|on and |OSE access to mlCFOpOFeS mass changes (B) for carbon-coated quartz crystal electrodes in 0.1 M LiBF, / PC. The
colors indicate scan rates: black (10 mV s'), red (210 mV s7'), and blue (50 mV s1).

. . Mass data in B is shown for the 10 and 50 mV s' rates, while the overall potential

— Concentration matters: 0.025 - 0.1 M CsCl profile (red line) tracks potential timing for all rates and rapid potential steps. Note the
widens the ion-exchan ge volta ge window considerable overlap of cation flux-out and anion flux-in due to Li-ion trapping at high

negative charge densities.
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COMPARATIVE EQCM AND CYCLIC VOLTAMMETRY STUDIES OF CARBON ELECTRODES AT DIFFERENT pH LEVELS

A. Pristine Carbon (YP50)
Electrolyte pH= 1

CARBON EDLCS — CASE STUDY

Electrolyte pH= 3 Electrolyte pH= 7.6

]
200 ~ 0
S u rfa C e Ch e m l S t I & H 5 151 Scan Rate: 100 mV/s i 51 Scan Rate: 100 mV/s 5" Scan Rate: 100 mV/s ;’_‘_
< 104 e {150 1 <10 450 <0 0w
u E 7 e, 100 é § B 400 é 5 50 E!
5 o = 5 0 3 0 2
o 50 O o ':: 00 ©
S 10 lo & 8 10 -300 9 10 s
Q o 3 a. 30 2 g_
@ 45 g < 45 D 45 @
50 W L

10
0.8 -0.7 -0.6 0.5 -0.4 -0.3 0.2 -0.1 0.0 0.1 0.2
E vs Hg/Hg,SO, (V)

T T T T T T T T T -250
-08 -0.7 -06 0.5 -04 0.3 -0.2 -01 0.0 0.1 0.2
E vs HglHg,SO; (V)

08 0.7 06 05 0.4 03 02 01 00 04 02
E vs Hg/Hg,;S0, (V)

= YP50 vs. oxidized o-YP50 in 0.5 M
K25S04/H2S04, pH 1 - 9.4 (EQCM + TPD-

— Cyclic Voltammetry (Specific Current)
-+« Frequency Response (AF)

120 — 20 50 0 —
MS) 5 154 Scan Rate: 100 mVis | ,fg g S 154 Scan Rate: 100 mV/s -so‘ i = 4B Scan Ratﬂ)o mVis [ fz ;E,

2 4] =< 100§ < o] 704 < 4 100 G

€ N g € 80 & £ N o

* Anion-based mechanism at low pH = g ° s & 3 "l 3 " 8
2 to 2 & - ba10 £ 7 60 2

. . . . . S 10 = & S 104 | c S 10 c
growing cationic contribution as pH g w0 § g ] g g “ g

& -15 40 & @ 15 t130 & & 5 © g

20 60 W L — 7 T ——r— 140w 2 30 W
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Figure recasting the potential-dependent specific current and frequency change (AF) in 0.5 M sulfate electrolytes of varying pH, comparing (a) pristine YP50 carbon and (b) oxygen-
functionalized o-YP50 carbon. Data show distinct charge storage mechanisms at different pH levels, with o-YP50 demonstrating complex ion dynamics at near-neutral pH.
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PSEUDOCAPACITANCE

Conducting polymers:

PEDOT & PANI-type
doping fluxes

= p-type doping (PEDOT, PANI): oxidation
creates holes compensated by anion uptake
(or cation expulsion); reduction reverses the
flux

= PEDOT:PSSin 0.1 M NaCl (EQCM-D + CV):
— De-doping at negative V = Na* uptake toward

PSS~ sites; mass I as holes are extracted

— lon-to-electron coupling efficiency = 1 for thin
films (1 Na* + ~2 H20 per hole); drops to ~0.2
thick films — water co-transport grows

= Ambipolar blends: EQCM assigns CI™ injectic
to p(g2T-TT) (p-doping) and K* injection to
PrC60MA (n-doping) in the same film

= Caveats EQCM-D handles:
swelling/viscoelasticity (Kelvin—Voigt fits),
irreversible ion trapping, ORR side currents

EQCM in Electrochemical Capacitors

Comprehensive EQCM-D and CV Analysis of PEDOT:PSS lon-to-Electron Coupling
<

A. Thin PEDOT:PSS Film

Time Dependence Dynamics (In Air) Detail

d Charge Coupling Y
Number of Charge Carriers lon-to-Electron Conversion
(B) i (Log Scale) Efficiency (Linear Scale]
e ©) ®
g g 10°
(9 € 8100 IING" (0-24,0) rected
6~ 25 100} TINa" (244,0) nocted
4 5 = In 0.1 M NaCl AS in air In 0.1 MNaCIAS in N,
S Bl Lighter coor = (F) Lighter coor=_(G)
2 £8 higher Na* hydration higher Na“ hydration
12 &% 15
< EE 10
0 5805
600 800 0055 06 04 42 00 08 06 04 92 00

Z s¥os

Cyclic Voltammetry (CV) 2 00

B 05

d A 5 10

- £ 15

3. Dedone | o

E,' ERRE

340 In0.1MNaCIAS { & °

——inair {3 4

-60 —inN, -60
-0.8/-0.6 -04 -0.2 0.0 0.2 04 06 0.8 2t 200

Potential vs Ag/AgCI (V) (‘

Comparing in-air and in-N,

400
Time (s)

Alternate background marks doping

Potential vs V. (V)

—— h* extracted [7Wll Na* hydration || Conversion

Potential vs V.. (V)

— Holes (h* extracted)

Thin film behavior is largely

redox signatures. (d) / de-doping (dd) half-cycles. —— In N; environment level efficiency )
L
2 2 = 3
B. Thick PEDOT:PSS Film >' 08 Detailed Charge Coupling Summary
20 2 00 () @ P = 0
s 500 sk (K) O
o g 10 §§ 103}
§ & ) E gmri-ua' (0-2:H;0) injected
2 De-doping s 10 3o~ <5 I Nat (24:4,0) injected
s 2 £ "I In0.AMNaCIASinair | In0.1MNaCIASinN,
g = 2S
5 £ Zg 20 2 ()] N
S 40 In0.1 MNaCIAS | € % 8§85 ol ™
—inair | O 45 Swd o/
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L N = 0 5% S
080804 '_0'2 00 02 04.06 08 '750 200 400 600 800 708 08 04 02 00 -08 08 04 02 00
Potential vs Ag/AgCI (V) Time () Potential vs Ve (V) Potential vs V. (V)
_Comparing in-air and Vo marked by — h* extracted [7ll Na* hydration [l Conversion
\__ in-N, redox signatures grey dots level efficiency )
Unified Legend Didactic Summary and Insights )

« Efficient hole-to-cation coupling.

— In N, environment preserved, showing efficient hole-  * Vo marked by grey dots allows key coupling measurements. A‘:raol::‘EG
Na* ion hydration level " N « Efficiency drops significantly in N, environment compared to Air.
| (Dark = Io¥u, Light = high) ] Conversion efficiency « Mass change tracks film density during cycles. ek,
AMBIPOLAR CONJUGATED POLYMER BLENDS & EQCM ION DYNAMICS MECHANISM
/LEFT: BBL POLYMER & Deemical™, {7 RIGHT: p(92T-TT):PrCsMA BLEND & EQCM ION DYNAMICS (ref. 40 data)
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ADVANCED TOOLS SCHEMATIC AND EXPERIMENTAL RESPONSE OF EQCM-D OMIEC CHARGING MECHANISM
Stage 1: Bare Baseline Stage 2: OMIEC Film | Stage 3: Electrolyte Addition & Swelling | Stage 4: Electrochemical
Deposition o Cycling (EQCM)
ELECTROLYTE ADDITION & otentios
E C M - D . v U I l e I | BARE M(ﬂ-el;liNEklElgTRODE DRY OM&EgggllleglNER FILM FILM SWELLING Setup (In-situ Cell) .:Cgalvangf@f Uﬂt-7 ELE%'I;I:&L(YII_ES::EgIJII)ON '8.CE
u Elschio o) A Dy OMIEC | Electialte RE /ll/ B e fia
mer Filim ey
. . y <—_>] Aqufgus Elgtét{)olyte PWE  V(VwsRE) | :: ‘.'o",,"i“jié‘#.',’.";g WE
the film is soft "ol oo i
Electronlcs Unit Film
S et HA a
Bare sensor Film Deposition Electrolyte addition Time.t _Tme.f || Electrochemical Cycling
Me/air Me/OMIEC/air Me/OMIEC/electrolyte WE Voltage-Triangular V,
. . . . . | EQCM-D Signals
= Dissipation factor D = E_dissipated / . TIME-BASED EXPERIMENTAL RESPONSE CURVES
- g:z Applied Voltage to Working Electrode (WE) vs. Reference Electrode (RE) (V)
2nE_stored — tracks viscoelasticity s v | | Voo
w o
1 i v . EQCM-D Response Signals Af oscillation: mass change due
a |O ngS|de mass e EQCM-D Response Signals _\m C/OMIEC/electrolyte Af/ 1z 10 Swelling & ion fiux (hydration)
. . AD/10% Mel/air /106;
= Sauerbrey fails for hydrated/swollen films — d,ssepg,f;nc,g:ggg;,asr\ A
. . . . — - —— change (softening/stiffening) \%‘\/\ LIS
—> viscoelastic models (Kelvin—Voigt, Time (075 Time (075 Time (075 Qosciiion: T 075 |
. . . — Af (Frequency Change) - sensitive to mass, swelling, hydration state — V (Applied Voltage) complex charge carrier  complex charge
Maxwell, extended Voigt) fit multi- el e g g
overtone Af, AD data EDUCATIONAL GUIDE: ELECTROPOLYMER DOPING & VISCOELASTIC DYNAMICS
4 S 06 A Potential Profile C. Simultaneous Multiharmonic EQCM Measurements
£3 ot s 081 (@ Voltage
— Overtones probe different depths - depth- >§°Z T
. . . . . - De-dopi 2 2%
resolved kinetics (fast ion migration vs. slow Tl |13 e f:;g §
. . . . = E Tlnrﬂ overlona Charge S ' ‘:’
matrix reorganisation in PEDOT:PSS) 3 e ol @ 2,
32 © — 3 3
.. . . SE g 0 24
= For rigid porous carbons: verify motional $8 .4 o4 sf w4 3 i3
: : . : 32 g 23
resistance is negligible before applying i 52
. s — - & 88
Sauerbrey (done in the pH study of YP50) S8 . T Esi g3
iy, ION&CHOARGJ:IZNAMICS LEGEND /— /— \:;: =T — 'g a
5 o Hydatedation © 4 o ‘g 33 = Medoning 22
. . . (holo = hydration shell) o =
= Applications: swelling, water uptake, * o £ 200 ”l+ =g
rolyte w= Af11th  doping’ o
. . . . olvmer: Substrate
adhesion/delamination, degradation & — ! ! A
. . Metgl E!ectrode 5 . . 9 Time(s)
O R R C O nt r I b U t I O n S 3 B :,' = DA 4 Rugud;t‘y E. RC-Normalized Relaxation Time CDIIS(:MS!" vs. Potential dependem parameter
2 () e 73] rent Ke, o " 3 3
E % gﬁ b Re:cope ;ﬁj E; 'geydopmg processes 3A AAs % }Relaxatlon ; E
% % §cu Dedope (f11):] A =Re-doping processes 244 ] § g
SE - - iy ] } o §%
© o P Overdope / (11): |—e——i0.7 Buried mass (f11, olarization o
EQCM in Electrochemical Capacitors S § :‘:“" M— PSR PR o ze 46/59

Af/3 (Hz) Tpc (5€€)



Instituto de Quimica

TAKE-HOME MESSAGES

What EQCM tells us about capacitors

Mechanism ID — Am—-AQ slopes + gravimetric CVs separate EDL adsorption from redox-coupled (pseudocapacitive) ion fluxes.

lon selection — PZC/IEP vs. applied potential (and pH, doping, surface groups) decides whether cations or anions compensate the
charge.

sub-nm pores.

Soft electrodes — For Mn02, MXenes, PEDOT/PANI: EQCM(-D) resolves proton/cation/anion fluxes, coupling efficiency, swelling &
degradation.

Next step — ac-electrogravimetry (EIS + QCM) deconvolutes cation, anion and solvent dynamics — toward fully quantitative pictures.

@ Solvent counts — Solvation numbers from EQCM prove partial desolvation under confinement — a root of anomalous capacitance in
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EQCM in Batteries

Probing mass, ion fluxes, interphases and degradation of battery electrodes in real time

Based on: Wu et al. (ACS AMI 2015) - Levi et al. (Electrochem. Commun. 2016; Electrochim. Acta 2017) - Shpigel et al. (Acc. Chem. Res. 2018) - Park et al. (Hydrometallurgy
2026)
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AGENDA - 25 MIN

Outline

Probing intercalation & conversion electrodes
Li-ion, Na-ion / K-ion (alkali cations), Li—-S conversion chemistry

Quantifying ion & solvent (co-)insertion
Mass-per-charge analysis (Am/a), trapped vs. moveable electrolyte

SEl formation & electrolyte decomposition
Viscoelastic probing of surface films, electrolyte screening

Cycling stability & degradation markers

Irreversible frequency / resistance offsets, roughening, cracking

Case study + outlook
SEl on a model anode (LTO); extension to Si anodes and recycling
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1 - INTERCALATION ELECTRODES
Li-ion hosts: weighing Li* extraction in LiFePO,

Hydrodynamic Modeling of LiFePO, Composite Electrodes via Multi-Overtone EQCM

1. Initial State: Intercalated Coating Analysis (Static OCV) 2. Real-Time Electrochemical Deintercalation Response
aa - 120 . . .
S 4ol@  AAy Depth maps material =+ S |(d) 5.4 Hzdiscrepancy between Data and 8}’5;083 * Composite LiFePO, (PVdF binder) charged
s parameters across coating —~ | E—S o's'09) gL 100 Simple Theoretical Frequency (Fieo) in agueous Li,SO4 — rigid coating, clean
5% . g‘zg Ideal Plane  Complex 58 [esmciies @ 3rd del .
>205¢ / By Surface CE‘I’"“twi;te gE 80\ 5.4 Hz discrepancy between © 5th model system
= P . e T T o2 | - ol N 8 Simple Theoretical Frequency A Tth _
2% 00fF--- === o8 - Key Finding: The real »§% 60 v 9th L EXperlmentaI Af/n smaller than Faraday
es = O £ | |porous electrode S v 11th — ~ _
2. | Key Filog £< S | | deviates significantly B3 40 ® 13th prediction (F_thep). 5.4 Hzgap =
ST Hvdredvnamic Model Fit 2 = | |fromideal plane surface], 2T 4| electrolyte entering the porous electrode
= ydrody od 5 : o
. 10— Fapes e =K ) Eit:‘ayv(;c:cr;d(;c:‘r:m?éed 5 . 0 e Effective thickness hincreases ~1 % on
o -l - . . . : 7 = . 0
=z 0 0.5 1.0 1.5 2.0 2.5 Meso-scale effects. 0 50 100 150 200 250 . . o .
Shear Wave Penetration Depth (8) /um - Deintercalation Time (f) / s deintercalation, while in-situ XRD shows
. : . g o ~6 % particle contraction - solution

3. Interpretation via Meso-scale Parameter Mappin 4. Summary and Meso-scale Interpretation Findings P

a0 swells the electrode on the mesoscale
= _ " (e) Parameter Space: Multi-Overtone Depth Mesoscopic Interpretation: Coating Swelling and lon De-trapping |
I O Values Derived from Model | Depth Mapping Concept e M : 'simple’ intercalati
gL 200 A e Eaoh et - Meso-scale description of simultaneous binder framework €ssage: even a simple Intercafation
2F 160 B, ------ — A s*’:‘“-*??w swelling (due to electrolyte insertion) overrides the molar volume host is never purely gravimetric —
g § ol R ) crystal contraction (atomic scale effect). hydrodynamic correction is required
S E MEDIUM = _ Effective coating thickness increase occurs MESOSCOPICALLY

S ’% BCUVO | :
= ; -50 (n=7) during deintercalation.
% 2 100 |— Overall Model Predictions 1] | (DEE; = l\mllgg:m:r?(i:g;\és{‘ :\cleir;?itive to and successfully describes this
af (Coptinuous I.:itting) . . n : - B .
8-150 T 55 33 20 50  Multi-Overtone Depth - ghe 5.4 Hz dl\;,crepangy |sI explncf:ntly attributed I'to thedMESOSCOPlC
Shear Wave Penetration Depth (8) / pm Mapping Concept L e-trapping of trapped solution from narrow electrode pores.
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1 - BEYOND LI*

Alkali-cation insertion (Li* = Cs*): MXene as a 2D host

Didactic Analysis of Ti;C, MXene Electrode Behavior with Alkaline Metal Cations

a. Specific Capacitance vs.
Potential (CV-derived)

c¢. Schematic Mechanism: lon
Size Effect on MXene Layering o

b. Potential-Dependent Structural

Changes (Thickness & Permeability) Same methodology

E 0.430 —— 0.250 . .
o 40} = CS" < Electrode Permeability £ 5 transfers directly to Na-ion /
5 Length, ¢ (@) —> 3 - . . ) .
w < g = _
5 804251 . 10.245 . K lon.ch emistry: cation
= 51 g 5 £ X identity read out through
: P C - . .
8 E 04201 Nat L o0ossSSssRRES 10.240 8 Cs* Insertion deformation sign and
3 S o g & e+j+ (Expansion) magnitude
g ™0 o 0415} | N Electrode 10235 §
5 e Li* o _ CV curves for Li*...Cs* look
o |0L"‘ S 9 ® Permeability = MXene particle '
? 80 i lllon | - 3 0.410 , B o i 0230 = (Silver Textured Shape) alike — EQCM-D
-0.7 -045 -0.2 0.05 053 H -0.75 -050 -0.25 0.00 0.25 Li* Insertion

distinguishes them via

(Contraction)

Potential E (V vs. Ag/AgCl)

Potential E (V vs. Ag/AgCl)

opposite Ah, A€ trends

(a) A. BEGINNING VS. END OF CYCLING (b) B. COMPLETE Li INSERTION/ (c) C.VISCOELASTIC MODEL .y . .
EXTRACTION SCAN (MID-CYCLE) PARAMETER COMPARISON Water and Li* (de)insertion
g Early Cycles __ Lats CGyclas & Fe—ereaalion Soa— ¢ ; [ Analysis of Viscoelasticity — cause reversible softening /
E : a £ e ¢ @ Deintercalated (OCV) ; ;
s 4 \/\/\/\/VWVW\/\/\/\/\/\/W s 2 . n L ,me,c?lated‘ ) stiffening of the MXene
g sf o WVVVVVVVA s 4} r S — host (H-bond network
H o .
£ 0 Jlovertone -6 . . S modulatlon)
£ - Key (a)(b)] — [ Frequency (o—s—y) Deintercalated) <
:;i -40 N—zd | £ 100t s can [_Lsme oY) ) 63} 1 .. -
§S 80 —x e o . ' L Mesoscopic, ion-specific
<120 —5th | S 0 S S D = 16F e ) )
3 —= @ Deintercalated (OCV) structural information
i -1e0Learly, o 50 fcomplete scan| i \ § e B Li" Intercalated . . . .
£ —m & OfSeg—l — o —— Model fitting inaccessible to in-situ XRD
S0 10 —8th |5, 5] " J e |
c o — o |co >
2% 0 —10th S ¢ -0 \/ -/v<1
29 1 | 29.15|Dissipation v Deintercalatﬂ 08} AW (kHz)
2 <10 ) ) ) ) —13th |.8 < . Scan | ) _state (OCV) (derived viscosity-related parameter)
e 0 6 12 88 94 100 S B Time dependence 15240 3 5 7 8 11 13 52/59
8 Cycle number Time (s) Overtone order (n)
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1 - CONVERSION ELECTRODES

Li—=S: weighing polysulfide formation on a S—C cathode

IN SITU EQCM AND ELECTROCHEMICAL PROFILE OF SULFUR-CARBON CATHODE

DISCHARGE CYCLE CHARGE CYCLE e First discharge plateau (~2.4 V): mass

gain = 0.77 ug cm~2 from Sg ring opening

— T _ , —~ 35F ,
; 3.0 _-(A A. Discharge Potential Profile < 45,[ E. Charge Potential Profile / lithiation to long-chain LiSs, Li>Se
T 25L T I /
I= ' € 2571 e Measured gain ~35 % below the charge-
3 20} S 20} / - ~aE -
S B | \ 5 il based prediction - ~35 % of active

‘  EEE— e sulfur dissolves into the electrolyte
— 100 {B) = 100 H(F)
= ) P I, 7 e Below 2.4 V: crystal resistance R_c rises
S 0r S 0 . 1 1
P g — Sauerbrey no longer valid; the 'mass

-100 e ——— -100 (GI) — *"*Dynlamicl:seriles. ' signal becomes electromechanical

Ohms)

660 j ,;es(gﬁ’:rcee') e Monitoring R_c (= dissipation) alongside

Q 850 | **Dynamic series < g50 F ° g Y Af is essential for conversion
x [ ] resistance, R (Discharge) @ [, chemistries with large
C ik ' ' ' ' & ' ' ; ' volume/roughness changes
A p— = HH)

> Of > °f

= 4f ( Sauerbrey Mass ) 2 4 3 ( Sauerbrey Mass )

a ol & ol

Q | (]

E -3 | I 1 " 1 2 1 " E -3 = b X 1 2 1 N 1 " 1

< 0 100 200 300 400 < 0 100 200 300 400

Capacity (mAh/g_ ) Capacity (mAh/g_ ) 53/59
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2 - ION & SOLVENT FLUXES

Quantifying (co-)insertion: the mass-per-charge ratio

PRINCIPLES OF QUARTZ CRYSTAL MICROBALANCE (QCM) WEIGHING FOR SOLID, NON-POROUS FILMS

Ar=Am /M=o /(|z|-F) > Am/ovs.M;/(|z]F) A. Weighing a Solid Coating in Air (Inertial Load) “Modular specira Pane: AIR.
Compare EQCM mass flux with Faradaic charge: equality = bare-ion = D = 2 : & ALk P spRa L TER
. . ) ) o ) ] Reference State 1: Non-porous Final state 1: viscous 2| 2998 MHz 5MHz Positions
insertion; excess = solvent co-insertion; deficit = co-ion / expulsion Neat Crystal in Air , °%€  |9ad + added mass Sauerbrey gl - N =
heoxt<<herysta Equationbox | [2| £ & 2
effects. - | . q 2|l & 2 E
Q # _ =| = o 3
* Perm-selectivity in porous carbons: near pzc both Neat crystal in air modular "Rigid, Non-Porous Coating 3 g g S
4 co-i lectivity fail _ fo (fundamental frequency) 'esult  Measured parameters v |E| © S z
counter- and co-ions move (perm-selectivity failure); at for W,y Af /N, < O (Frequency decrease) cu:‘ulaﬁve V|2 : -
i i i = - -inerti changes requency (MHz
higher charge, counter-ions dominate L modular result AW/n = 0 (No width change - inertial load) g % | nota: viscous shiftin air & negligble.. |
e Solvation numbers of confined ions and neutral-solvent B. Weighing a Solid Coating in Lithid (Inertial + Viscous Load) modular spectra Pane: LIQUID
. ( 3 ir ( 3y preserve exact peak shapes and positions
fluxes extracted from the Am—c mismatch Reference State 2: | Air (. ' et o ks and
Neat Crystal in Liquid ‘é‘r’:sttea? Final (S\tl?st::!oi.scflar::gtigﬁ?::il)n Liquid £ | contusing orgna abets A7/ mass S 2
e Caveat: EQCM weighs the balance only — solvated ion (Viscous Load) logic Pt Expanded || 3 - 8 g2
. : coat crystal o i b - T
vs. ion + separate solvent needs complementary 25 (penetration depth) | | ly, | & 2 A EETIR
i in-si - reorganisation || g 2 & S|t
techniques (e.g., in-situ NMR) Viscous Load final ;& (penetration depth))». — || & A 58 25>
Measured parameters T Q" E 8 8 E §; i’
(relative to Nea't)CrystaI in Air): Viscous + Added Mass e § A £ _g
Afise/n < O(F’(‘\’;f‘:t’:‘_’ decrease) cumulative effects cuniclitive Frequency (MHz) e ? §
AW, ./n > 0 "idthincrease : note belowe shifts and moet combined *, |2
L visc/ - viscous load) L total shifts | | shifts about smal it cillustrate the logic. * J§
C. Weighing Li-lon Intercalation into a Rigid Non-Porous Electrode
Reference State 3: | [ Intercalation | (Final State: Intercalated flat host + viscous load it |
Viscous load for | | process logic | | Expanded non-porous  Cumulative changes: af“e' glsss (R
flat host at OCV lon intercalation | |c02ting and ion reorganisation Viscous + Li-ion or Li-ions 2 g g5
(XX 0’0 %% %5 % o mass added __.1'|Am =-C - Af/Amass | (8 € 2 5
» ——: o 000’00, Aﬂ"mass‘ """ i 4 = E;E
= reorg(alr?ir;ation = """" B sf‘:lf't‘;lﬂg?:fe 3 Reproduced with A : § g §
5 A S8 spden SN 29 ©
5 penetraton depth o O penctration eithy) |y, * soual 4 || e wenpemsdon, | |2 € 52
Inserﬂpp of Intercalation leads to cumulative cumulative exactlyinacleanfomC | |2 &5 @
OCV state small Li-ions expanded rigid host cumulative  effects ) equationsbox. | & 8.8




LA/ 1 0 de Quiim

2 - ION & SOLVENT FLUXES

Quantifying (co-)insertion: the mass-per-charge ratio

AT=Am/M;=c/(|z|‘F) > Am/ovs.M;/(|z]|F)
Compare EQCM mass flux with Faradaic charge: equality = bare-ion

insertion; excess = solvent co-insertion; deficit = co-ion / expulsion
effects.

Perm-selectivity in porous carbons: near pzc both
counter- and co-ions move (perm-selectivity failure); at
higher charge, counter-ions dominate

Solvation numbers of confined ions and neutral-solvent
fluxes extracted from the Am—o mismatch

Caveat: EQCM weighs the balance only — solvated ion
vs. ion + separate solvent needs complementary
techniques (e.g., in-situ NMR)

Figure 2: MESO-SCALE ELECTRODE EXPANSION AND GRAVIMETRIC MODEL (Li* INTERCALATION)

A. Didactic Schematic of Electrode Expansion

Uniform Expansion

Porous (Flat external surface) lectrolyte | Meso-Scale Flatnes:
Uniform Z (Aexpansion >> 6)
Porous Layer - ? - - - () Bian —1— 1Ah (Expansion!
Thickness #,¥ D ‘:'«;:;»':'«‘:' * Expanded

h +* qf':j‘ -:-::—E: -+ @'—:ﬁ\'[:- Thickness
Porous - O0000VDG h+ Ah
Ei(Initial) | . Substrate
Meso-Scale "Mesopores
(Aexpansion >>0)  OCV State (Reference) Final State (Polarization)
Reference State Final State

B. Gravimetric Model & Equations

QCM crystal g AFf AF
& conceput ; " Affn = AL 4 Al [AW/n = 0]
thinfim  Gravimetric | N+ Nelectrolyte \
- | \ \
M Case - Total Mass of  Mass of Change in
: Thin, rigid Frequency Shift Li-ions  electrolyte visco-elasticity
uniformly (Total mass) (solvent) (Dissipation)
coupled layer Total mass is a sum of Li-ions Layer remains rigid.
and electrolyte solvent.
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2 - ION & SOLVENT FLUXES

Trapped vs. moveable electrolyte: probing with 6(n)

MECHANO-ACOUSTIC MECHANISM OF LIQUID TRAPPING IN ROUGH ELECTRODES *
MOVEABLE LIQUID ) Liquid-Electrolyte A TRAPPED LIQUID
IN WIDE PORE — IN NARROW PORE

* d(E) < 6,(n, n) (Visco Elasctjll%ggcay)

* MECHANISM: Liquid velocity
matches crystal surface velocity.

* RESULT: NO ENERGY DISSIPATION

*d(E) » 6,(n,n) (MESO-CSocr?ClieitiF(I)%ness) d(E) . iy
* MECHANISM: Liquid can shear 8 K

independently against surface. Decaying
L» RESULT: VISCOUS ENERGY DISSIPATIgN wave

N

SYMBOL DEFINITIONS MECHANISM INSIGHT
d(E) Potential-dependent pore size Electrode — —> °
8,(n,m): Penetraltuon ddepth of - n B o
visco-elastic deca . 444
n: Overtone order y J o &‘{ S &* + 4
_1: Dynamic viscosity ) — = | Liquid Shears  Liquid moves rigidly

Fig. 9. Detailed schematic illustrating the mechano-acoustic mechanism of visco-al-elastic decay of transverse oscillation waves (6,,) at a rough/porous electrode in
contact with an electrolyte liquid. The color-coded callouts explain the energy dissipation based on pore size relative to wave decay depth (d(E) vs. 6,), explicitly
defining terms and showing the callout conditionscot conditions. The dotted lines show the wave decay for the two different cases.

Varying overtone order sweeps 6 from ~240
to 68 nm - instantaneous test of whether
pore liquid moves with the electrode or
dissipates

Trapped liquid adds Sauerbrey mass;
moveable liquid adds AW/n — the two are
separable by multiharmonic fitting

Potential-dependent pore width d(E):
intercalation-induced squeezing / uptake of
solution followed in real time

Am/o + hydrodynamic terms together give a
full ion + solvent budget per cycle
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3 - INTERPHASES

SEl formation & electrolyte decomposition, watched live

Multimodal Characterization of SEI Formation on Composite LTO Electrodes

e SEl =reduction products of the electrolyte; a good film is thin, dense, L ECTROCHERCAE SIORATURE
mechanically robust, Li*-conducting 1. Identification of Early SEI Formation in CV
0.6 0.6
) o ) ) ) o (a) LiTFSI System i (b) LiPF System
e EQCM-D separates gravimetric intercalation from film growth: mass gain + < ol O
. . . . ' " . E O ith distinct £ 0
evolving viscoelasticity (G’, G”, thickness) of the surface layer 0s | SE G isvalsieserl O . Fs
0 2 SEl Starts Here depending onsalt SEI Starts Here
e Onset potentials of decomposition read directly from CV + Af: SEl 'starts 09 12 15 51/3(21L3L4)27 3 33 T09 12 15&13(213/3 )27 3 33
. . . vs. Li/Li* vs. Li/Li*
here' at different E for LiTFSI vs. LiPFe II. MORPHOLOGICAL EVOLUTION (SEM IMAGING)

2. Visualizing SEI Formation

e Dissipation reports film softness — early EQCM-D showed SE| rigidity c) 8 jr's""e_'-me L'g';f'(:g:g;m : Lg’;s(igjg;" Aged slectrodes
. . . . . s ”, - s ) y show surface
decreasing with time (Yang et al., cited in Wu 2015) A B ~ St changes
“ - bl
e LTO chosen as a 'zero-strain' host - all mechanical signal comes §‘T:'C:;- =N SEIS SR
. > Gk ICKer, porous coating 4
from the surface film, not the electrode bulk N PHYBICAL BROFERTY EHANGES NS
3. Quantifying SEI Thlcknes? 8; Viscoelasticity Jj - Master key
: : : : 0 _ : i
e Electrolyte screening (LiTFSI vs. LiPFg vs. LiPFs + 2 % VC): SEI quality wgf)_a WBI g THES g 0 ReaveGiy SSmm BBSWR o
ranked after a few fast cycles (~¥15-30 min) g w0l mmBEmmm |y . . 2E 88
e Same ranking needs ~100 slow cycles (200 h) in coin cells — EQCM-C BT Ol oF ®lins 40 E R G B
as an accelerated diagnostic g3£2; snlil} I I - ki " g ;% 253
» § © 0 4 0 0 4
N mparison: Li eads & W& o
e Best capacity retention correlates with the stiffest, thinnest SEl & P W BT o o T
Step Cycle 1um;;J differently at 1v/2 step Step Cycle

*Didactic characterization of composite LTO electrodes in EC+DMC with LiTFSI and LiPF,. (1) CV of first few cycles showing distinct SEI
signatures. (2El-covered electrodes. (3) Stacked diagram graphs of viscoelastic parameters and thickness changes over cycle steps. Adapted
from ref 29.

( LIT FS I Syste m ) ‘ **ref 29. Cl iancAlis(triflluar ilanfil) imide: LITFSI, I.LiPFg itrend and proroprosta from ref 29.

e Same protocol extends to graphite / Si and Sn anodes (Si: high-

volume-change frontier; Sn SEl pioneered at Argonne)
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OUTLOOK - NEW FRONTIERS

Beyond cycling: EQCM for battery recycling (LiCoO; leaching)

e First in-situ EQCM study of cathode

UNIFYING MECHANISTIC IN-SITU MONITORING OF LiCoO, LEACHING leaching: OCP + mass loss resolve a
Step 1: Li* Preferential Leaching (Acidic Environment) Step 2: Co®* Reduction & Fast Leaching (by H,0,) Step 3: Intermediate Formation & Slowed stepwise mechanism in real time
Li* ASEORESY 1:0: 2co (lattice)+H,0,(aq)—>2Co?*(aq)+2H* (aq)+ Oy() Dissolution (Passivation
Y e . . : ; % 29289/= : Stable interm- ¥ . i+ :
L AR LiC00,(5) Ly, CoO(spxLit(aa)ixer = gigmimy” | Li,,CoO,(s) + H,0,(aq) + H(ag) > - ‘ L nieon - Step 1: preferentla! Li g)ftracuon (4.13
W Soniuter CO +Co?*(aq) + Co,0,(s) + Li*(aq) + H,0(l) + O,(g) Co.00 " LI, €0, O, % Li vs. 12 % Co) with rising potential
Potential T (Co oxidation), Mass | (Li* extraction) Potential {1 (Co®* reduction), Slower Mass { (Co dissolution) Kinetic barrier from Co,0, formation — delithiation of the lattice

(a) A.STEPWISE ELECTROCHEMICAL é MASS MONITORING (/n-situ EQCM) (b) B. CUMULATIVE EFFICIENCY & CONCENTRATION ANALYSIS

e Step 2: H,0, reduces Co3* - Co?*,

iStep! Step 1 Step 2 i Step 3 Step 1 Step 2 i Step 3

1.2 ; : ; -18000 100 1 ; 0.06 . . .

i i  Potential Increase due to Co : f50 90 | : accelerating dissolution but

% 1.1 4 i~ oxidation (doping state increase)potential Decrease - -16000 X ) ) i i /" L 0.05 < ) )

< 1/ from Co®* recuction -14000 2 3 80 - Li* Preferential Leaching : St converting part of the film to Cos0,4

< i WE Potential vs. Ag/AgCI D! . [ -12000 é‘ Py e i Achleved ~05% LI | 0.04 E

¢ 097 | : ; Phitseep T?raFr:'s‘;’ﬂt‘i'on- 10000 <5 é gg i ; andf?PO% Co - £ * Step3:Cos0sactsasa kinetic barrier

< | [ = . : efficiency - 0.03 S . o

208y | Mass Loss (AT) (0) 3 gggg g ' 40 NS e .- - slow residual leaching;

—— ' 1 - c | i 0, - £  ex . P

2071 | Enhanced Co  gjowar Leaching [ 4000 8 5 gg Fast Cobalt Leaching :gg Egz:::g E;; g suppressing it is key to complete Co

S 06 {( i nital Mass Loss Leaching Rate Rate due to kinetic 2000 = 8§ o is promoted by H,0, | o (i concentration (mgit) # 001 S recovery

6.8 i from Li* extraction by H,0, barrier of Co,0, 0 5 m_Co Concentration (mg/L) 6
"0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 * Same crystal, opposite problem:
Time / sec Time / sec EQCM guides selective metal

recovery, not just electrode
operation

58/59



Instituto de Quimica

Conclusions

e EQCM weighs ion (de)insertion at ng cm™ resolution — but only where AW/n = 0; always check dissipation / R_c first

e Multiharmonic EQCM-D adds mesoscopic structure: porosity, thickness, roughness and their potential dependence (in-situ
hydrodynamic spectroscopy)

e Mass-per-charge analysis quantifies solvent co-insertion and perm-selectivity; trapped vs. moveable electrolyte is separable via
6(n)

e SEI mechanics (G’, thickness) enable electrolyte screening in minutes instead of weeks
e Irreversible Af / AR_c offsets are early, quantitative degradation markers — validated by SEM

e Emerging uses: alloy anodes (Si) with MOSS coupling, ac-electrogravimetry, and hydrometallurgical recycling

Sources: Wu et al., ACS Appl. Mater. Interfaces 2015, 7, 20820 - Levi et al., Electrochem. Commun. 2016, 67, 16 - Levi et al., Electrochim. Acta 2017, 232, 271 - Shpigel et al., Acc. Chem. Res. 2018,
51, 69 - Park et al., Hydrometallurgy 2026, 241, 106655
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