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Understanding Multi-Stage Charge Storage on Nanoporous

Carbons in Zn-lon Hybrid Capacitors

Jiaxin Li, Kangkang Ge, Anastatios Orestis Grammenos, Pierre-Louis Taberna,

Patrice Simon, Markus Antonietti, and Mateusz Odziomek*

Zn-ion hybrid capacitors (ZIHCs) are promising high-power energy storage
devices. However, the underlying charge storage mechanisms, especially the
influence of proton storage, remain poorly understood. Herein, the model
porous carbons are synthesized having similar specific surface areas (SSAs)
and surface chemistry but different pore sizes. They highlight the role of
supermicropores and small mesopores (0.86—4 nm) enabling a high capacity
of 198 mAh g~ (capacitance of 446 F g~'), while larger mesopores (4-13 nm)
significantly enhance cycling stability, exceeding 0.6 million cycles.

performance, including high specific
power/energy and durability.'*) These
advantages primarily arise from Zn, which
is an abundant and cost-effective element.
Zn anode offers a high theoretical specific
capacity (820 mAh g!), a low and sta-
ble redox potential (—0.76 V vs standard
hydrogen electrode), and compatibility
with non-flammable, highly conductive
aqueous electrolytes. On the cathode,

Electrochemical studies, including EQCM analysis, reveal a 4-stage
charge-storage process under cathodic polarization, comprising adsorption
and desolvation of hydrated Zn?* ions, followed by water reduction, catalyzed
by Zn?*, and formation of H,,. The rising pH leads to the formation of
insoluble zinc hydroxysulfate hydrates (ZHS). Depending on the pore
architecture, the precipitation of ZHS has different effects on the overall
stability of cycling. The study overall: (i) presents a simplified method for pore
control in carbon synthesis; (ii) discuss the effect of pore size on charge
storage and cycling stability in respect of ZHS formation; (iii) sheds light on
the charge storage mechanism indicating the important contribution of cation
effect known from electrocatalysis on faradaic charge storage mechanism.

1. Introduction

Aqueous ZIHCs, composed of a battery-like metallic Zn an-
ode and a capacitive porous carbon cathode in aqueous elec-
trolytes, are gaining notable attention for their sustainabil-
ity, moisture/oxygen tolerance, and excellent electrochemical
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porous carbons, with high SSAs, tunable
pore sizes, and robust stability, ensure
good rate capability and cycling stability.[*]

Despite these advantages of ZIHCs,
their underlying charge storage mecha-
nisms, specifically the processes occur-
ring at the cathode/electrolyte interfaces,
remain only partially understood. Charge
storage in ZIHCs is typically attributed
to a combination of faradaic Zn strip-
ping/plating at the anode and capaci-
tive processes at the cathode.'”] Draw-
ing from supercapacitor studies, the ca-
thodic process is most commonly ex-
plained using a capacitive charge storage
model that encompasses electrochemical
double-layer capacitive or pseudocapacitive behaviors, i.e., the ad-
sorption/desorption of Zn ions and anions on the carbon sur-
face via electrostatic forces or chemical interactions.>!! Addi-
tionally, protons from Zn ion hydrolysis (referred to as free H)
are also believed to contribute to charge storage,>™! as indicated
by increased pH at the cathode surfacel’?) and the significantly
degraded performance observed when aqueous electrolytes are
replaced with aprotic electrolytes, which eliminate the influences
of protons and water.”"13]

However, this model contradicts with experimental observa-
tions, leaving several questions unsolved. First, the extremely low
concentration of free H* (ca. 10™* M) in mildly acidic electrolytes
(pH = 3-5) makes their contribution to charge storage negligi-
ble compared to Zn ions, which are ~10 000 times more concen-
trated (see analysis in, Section S1, Supporting Information).'*]
This contrasts previous reports emphasizing the significant role
of protons in charge storage,!®’] and suggests the presence of
additional mechanisms. Further, it remains unclear how proton
storage interacts spatiotemporally with Zn ion storage, how to
compare the respective contributions of Zn ions and protons, and
how zinc hydroxysulfate hydrates (ZHS) impacts overall charge
storage in ZIHCs. These uncertainties point to the need for a
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revised model to better describe the cathodic charge storage
mechanism in ZIHCs. Recently, Dai et al. proposed a “catalysis
model” as an alternative to the traditional ion-shuttle model in
Zn-ion batteries, highlighting the central role of electrochemical
*OH adsorption/desorption during water dissociation, which is
enhanced by interactions with Zn ions and explains the perfor-
mance exceeding that of the traditional model.[**! We hypothesize
that water dissociation also occurs on carbon surfaces in ZIHCs.

The charge storage mechanism in ZIHCs also depends
on the pore structure. Pore size has been shown to signif-
icantly impact the electrochemical properties of conventional
supercapacitors.l'20 Smaller pores allow ions to approach the
pore walls more closely, enhancing charge screening and increas-
ing capacitance, with maximum capacitance achieved when pore
size matches the dimensions of desolvated ions.'®!° However,
very small pores can hinder ion movement due to steric hin-
drance and slow desolvation, potentially causing electrolyte de-
pletion in nanopores.[?! In contrast, larger pores facilitate faster
ion transport, acting as “highways” for efficient ion movement
through porous networks. In comparison to supercapacitors,
charge storage in ZIHC cathodes involves not only ion shut-
tling but also the precipitation/dissolution of solid ZHS, which
adds complexity to how pore size distribution affects their over-
all charge storage behaviors. While some recent studies have ex-
plored the influence of pore size on ZIHC performance,>?122!]
the lack of suitable model materials that can isolate pore size ef-
fects from other variables like compositions and SSAs makes the
analysis challenging.

Based on our previous studies, we synthesized model porous
carbons with similar SSA and surface composition but differ-
ent pore size distributions for studying the charge storage and
the pore size effect in ZIHCs. Detailed electrochemical measure-
ments reveal at least four consecutive charge storage processes,
including i) Zn ion adsorption and ii) dehydration, followed by iii)
Zn?* and potential-promoted water reduction alongside simulta-
neous (iv) ZHS formation. Part of the capacitive charge stored
through electrostatic interaction between (de)hydrated Zn?* and
negatively charged carbon is affected by ZHS precipitation, coun-
terbalanced by the faradaic process of electrochemical hydrogen
storage. Our findings highlight the significant contributions of
Zn-jon-catalyzed water reduction to charge storage in ZIHCs.
Water molecules in the hydration shell of Zn?* are polarized
due to its Lewis acidity, facilitating their dissociation and dona-
tion of protons, in a manner similar to the “cation effect” known
in electrocatalysis.[22%] Protons are reduced on the carbon sur-
face to form adsorbed hydrogen atoms (H,,) and hydroxide ions
(OH"). This process is analogous to the Volmer step (H,0 + e~
— H,4 + OH") in hydrogen evolution reactions.

2. Results and Discussion

We previously developed a simple method to synthesize porous
carbons with high SSAs of ca. 3000 m? g~! through a single-step
thermal treatment of cesium salts of carboxylic acids, such as
cesium acetate (CsAc) or cesium maleate, without using harsh
reagents or complex synthesis steps.[?¢?’] These porous carbons
feature mostly micropores. In another set of experiments, it was
found that uric acid (UA) serves as a unique precursor to pro-
duce mesoporous carbons.!?] Building on these findings, we
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used UA as a modifier of the pore networks of CsAc-derived
porous carbons, greatly increasing mesopore contribution
(Figure 1a).

2.1. Synthesis and Characterization of Porous Carbons

The carbon materials UC1:50 and UC1:5 were prepared via di-
rect condensation of UA and CsAc mixtures (mass ratios of 1:50
or 1:5) at 800 °C in a nitrogen atmosphere, followed by washings
to remove residual Cs species. The Cs content in the resulting
samples was below 0.2 wt%, as confirmed by inductively coupled
plasma optical emission spectrometry. UA and CsAc have melt-
ing points of 300 and 194 °C, respectively, with their condensa-
tion occurring between 400 and 450 °C, as indicated by TGA cou-
pled with mass spectrometry (Figures 1b; S1, Supporting Infor-
mation). Notably, compared with UA or CsAc alone, their mix-
tures condense at even lower temperatures, specifically at 320
and 170 °C for the 1:50 and 1:5 ratios. The 1:5 mixture reaches a
stable mass plateau at ~700 °C, while other systems continue to
condense/decompose even at 800 °C. The condensation at lower
temperatures is likely due to weakened intermolecular interac-
tions within UA and reduced ionic bonding within CsAc in the
mixtures, favoring their melting and condensation to carbona-
ceous materials. It is worth noting that the carbon structures
form within a homogeneous molten salt phase, as CsAc melts
below 200 °C, ensuring structural homogeneity in the final prod-
ucts.

Elemental combustion analysis (Figure 1c) reveals that UC1:50
and UC1:5 are chemically very similar, containing ~92 wt% of
carbon, 3 wt% of oxygen, and 1 wt% of nitrogen (Table 1). Their
infrared spectra (Figure S2, Supporting Information) are typ-
ical for carbonaceous structures, with broad, weak absorption
bands between 1200 and 1000 cm™, corresponding to highly
conjugated oxygen and nitrogen functionalities. XPS further sup-
ports their similar surface compositions (Figure S3, Supporting
Information). In both samples, the deconvolution of Cls spec-
tra (Figure S4, Supporting Information) identifies components
centered at 288.8, 286.4, and 284.6 eV, corresponding to C=0,
C—O0, and sp*—C, bonds, respectively. The O1s peak deconvolu-
tion (Figure 1d) shows components at 533.3 and 531.8 eV, linked
with C—0O and C=0 bonds. For comparison, commercial acti-
vated carbon YP-50F was also included in this study. The con-
tent and type of oxygen and nitrogen functionalities stay sim-
ilar across all samples, including the reference YP-50F (Figure
S5, Supporting Information), minimizing the effects of surface
chemistry as a factor in ZIHCs. Additionally, X-ray diffraction
patterns (Figure S6, Supporting Information) of the samples ex-
hibit high-intensity sloping at angles below 10°, attributed to in-
creased scattering from high surface area carbons.?!

While UC1:50 and UC1:5 are chemically almost identical,
they have different morphologies.SEM images show that UC1:50
forms colloidal particles merging into aerogel-like 3D frame-
works with visible voids between 50 to 200 nm (Figure 1e). This
morphology is common for porous carbons obtained by salt
melt synthesis, where precursors dissolve, condense into car-
bonaceous matter, and precipitate as spherical carbon colloids
from the liquid ionic melt.?") TEM images of UC1:50 display
a uniform carbon film with a combination of disordered and
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Figure 1. Synthesis and characterizations of porous carbons. a) Illustration of the role of uric acid to cesium acetate (UA-to-CsAc) ratio on pore structure.
b) Thermogravimetric analysis (TGA) of UA, CsAc, and their mixtures in 1:5 and 1:50 mass ratio. c) Elemental compositions. d) High-resolution O1s
X-ray photoelectron spectra (XPS). e,f) Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of e) UC1:50 and
f) UCT:S.
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Table 1. Elemental compositions and porous structures of porous carbons.

Sample C wi%] O [wt%] N [wt%]  H [wi%)] Cs? Voro7nm?  Vo7-2 nm® SSAY V50 am® co, Max H,0
W]  [em’g™] [mPg'] [m’g] [em’g '] uptake? [mmol g7']  uptake®) [gg7]

ucts 91.9 3.2 12 05 0.2 0 0.68 3200 2.90 5.0 22

UC1:50 92.9 33 0.5 0.5 0.2 0.09 1.17 3245 111 83 1.1

YP-50F 96.6 1.7 0.4 0.6 0 0.17 0.49 1783 0.17 4.9 0.5

? Carbon, oxygen, hydrogen, and nitrogen (C/O/H/N) content were determined through elemental combustion analysis. ®) Cs content was measured by ICP-OES. Since
the content of C, O, H, N, and Cs was measured using different methods, the mass ratio sum of all the above elements may not always equal 100%. Besides, incomplete
combustion of carbon materials during elemental combustion analysis may have left some residue in the quartz tube. 9 Micropore volumes were calculated from Ar sorption
isotherms at 87 K, using the Quenched solid density functional theory (QSDFT) analysis for Ar adsorbed on carbon with slit pores. ) SSAs were evaluated at P/P, (0.05-0.30)
of Ar sorption isotherms at 87 K based on the Brunauer-Emmett-Teller (BET) equation. ) pore size distributions and the related volume cuts were calculated from N, sorption
isotherms at 77 K using QSDFT for N, adsorbed on carbon with slit/cylindrical/sphere pore shape. 0 CO, uptake was obtained at 273 K and 100 kPa. ® The maximum water

uptake capacity was obtained at 291 K and a P/P, of 0.9.

locally ordered structures, featuring short graphitic stacks with
interlayer spacing of 0.38 to 0.45 nm. In contrast, SEM images
of UC1:5 reveal a denser, void-free microstructure (Figure 1f),
as a result of intensive condensation of carbon precursors at
lower temperatures than UC1:50. TEM images show a visible net-
work of mesopores surrounded by curved and partially aligned
few-layer carbon walls. For comparison, the reference YP-50F
shows an overall disordered carbon network, yet exhibits distinct
curved and partially aligned fringes of larger size than synthe-
sized carbons,*!) suggesting a higher degree of local graphitiza-
tion. These observations are further supported by Raman spectra
(Figure S7, Supporting Information), where UC1:5 and UC1:50
show broader D and G bands, confirming their higher structural
disorder.

Gas sorption analysis determined the pore size distribution in
the materials. The micropore size distribution was investigated
by Ar and CO, sorption, while the mesopores were mostly re-
vealed by N, sorption. The use of multiple techniques for pore
analysis increases the reliability of determined pore size distri-
bution. Ar and N, sorption isotherms of UC1:50 (Figure 2a; S8,
Supporting Information) exhibit a combination of Type I(b) and
Type II isotherms, with steep uptake at low relative pressure
(P/P, < 0.1) typical for micropores, and a gradual increase with-
out a clear saturation plateau near P/P, of 0.9, characteristic for
macropores.[*2*3] UC1:5 displays a Type IV(a) isotherm with a
continuous increase in sorption above P/P, = 0.2 and a Type H4
hysteresis loop in the P/P, of 0.4—0.9, indicative of a large meso-
pores volume with a wide size distribution. The BET SSA calcu-
lated from Ar isotherm for UC1:50 (3245 m? g!) is practically
the same as UC1:5 (3200 m? g~!). In comparison, the reference
material YP-50F exhibits a Type I(b) isotherm, characteristic of
microporous materials, with 80% of pores below 2 nm, a micro-
pore volume of 0.66 cm® g™!, and an SSA of 1783 m? g~!, signifi-
cantly lower than UC1:50 and UC1:5. This chemical and textural
information is summarized in Table 1.

The pore size distribution was calculated using QSDFT analy-
sis of Ar or N, sorption isotherms. It reveals that UC1:50 contains
micro- and small mesopores (0.7-4 nm), while UC1:5 predomi-
nantly features mesopores (3-13 nm, comprising 80% of total
pore volume) (Figures 2b,c). These findings are consistent with
TEM pictures. Ar isotherms show a higher micropore volume
of UC1:50 (1.26 cm? g7!) than UC1:5 (0.68 cm? g~!), whereas
UCT1:5 has a higher mesopore volume (2.90 cm? g~!) than UC1:50
(1.11 cm? g~1!) based on N, isotherms (Figure 2d). The CO, sorp-
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tion analysis stays in agreement, where the highest CO, uptake
by UCL:50 (8.3 mmol g! at 100 kPa) supports the largest mi-
cropore volume (Figure 2e).3* Further, H,O sorption isotherms
of all samples present Type V isotherms, with negligible uptakes
at relative pressures below P/P, = 0.3 (Figure 2f), indicating the
rather hydrophobic character of the carbon pore walls. The hys-
teresis loop is related to water condensation in mesopores. UC1:5
shows the maximum water uptake of 2.2 gy, g7}, consistent
with its higher mesoporous volume than UC1:50 and YP-50F.
Notably, the CO, uptake of UC1:50 and water uptake of UC1:5 are
among the highest reported for porous carbons, metal-organic
frameworks, or polymers (Figure 2gh; Tables S1,S2, Support-
ing Information), highlighting their potential as CO,/water ad-
sorbents, as well as for related energy storage and conversion
applications.[?628] Overall, UC1:5 and UC1:50, with similar ele-
mental compositions, SSAs, and degree of structural order but
distinct pore size distributions, can be considered ideal for inves-
tigating pore size effects in ZIHCs.

2.2. Electrochemical Properties of Zn-lon Hybrid Capacitors

The impact of pore size on charge storage was first examined by
comparing the electrochemical properties of ZIHCs with UC1:5,
UC1:50, or YP-50F as porous cathodes. Each setup comprises
a free-standing carbon film as the cathode, Zn foil as an an-
ode, and glass fiber separators immersed in 2 M ZnSO, aque-
ous electrolyte (pH = 3.9) within CR2032 coin cells. The pore
structures of electrode films were analyzed by Ar and N, sorp-
tion (Figure S9 and Table S3, Supporting Information), confirm-
ing that there is no significant pore blockage by conductive car-
bon or binder. Galvanostatic charge/discharge measurements
indicate that UC1:50 demonstrates discharge capacities of 198,
164, 139, and 119 mAh g™! at increasing current densities of
0.1, 0.2, 0.5, and 1.0 A g!, corresponding to capacitances of
446, 369, 313, and 268 F g~! within a voltage window of 1.6 V
(Figure 3a). At higher current densities of 20, 50, and 100 A g7!,
UC1:50 maintains capacities of 71, 48, and 23 mAh g~! (160, 108,
and 52 F g7'). In comparison, UC1:5 delivers lower capacities of
145, 124, 109, and 99 mAh g~ (326, 279, 245, and 223 F g!) at
0.1-1.0 A g~! (Figure 3b). However, UC1:5 overtakes UC1:50 at
50 A g~! and maintains a higher capacity at 100 A g~! (Figure 3c¢).
Finally, UC1:50 reveals a higher specific energy of 161.3 Wh kg™!
and a lower specific power of 19.2 kW kg=! when compared to
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Figure 2. Physisorption analyses of UC1:5, UC1:50, and YP-50F. a) Ar sorption isotherms at 87 K with high resolution at low relative pressures P/P,
of 1078, b,c) Pore size distributions derived from Ar and N, sorption isotherms. d) Comparative overview of pore volumes. e) CO, uptake isotherms
at 273 K. f) H,O sorption isotherms at 291 K. g,h) SSAs and CO,/H,O uptake comparison with reported adsorbents. See Tables S1,52 (Supporting

Information) for additional references.

UC1:5 (117.2 Wh kg™! and 26.2 kW kg™') (Figure S10, Support-
ing Information). Both UC1:5 and UC1:50 outperform the refer-
ence material YP-50F by far, which cannot deliver capacity above
30 A g7! and exhibits the lowest specific energy and power of this
series, being 51.7 Wh kg ! and 6.2 kW kg~ To reduce the impact
of SSA variations between our samples and YP-50F, normalized
performances by SSAs are also provided (Figure S11, Supporting
Information). Notably, YP-50F exhibits comparable normalized
capacitance to UC1:5 up to 10 A g1, significantly dropping at
higher currents. As a complement to gravimetric analysis, volu-
metric capacities/capacitances were calculated based on the total
volumes of electrodes. UC1:50 and YP-50F exhibit higher volu-
metric capacity/capacitance than UC1:5 at current densities be-
low 10 mA g1, as well as higher volumetric energy/power den-
sities (Figures S12,5S13, Supporting Information).

The impact of pore size on the cycling stability of the cath-
ode was evaluated at 10 A g™! (Figure 3d). UC1:50 and UC1:5
exhibit initial capacities of 81 and 56 mAh g~!, respectively. After

Adv. Mater. 2025, 37, 2502422 2502422 (5 of 12)

0.29 million cycles, UC1:50 still maintains 84% capacity before
dropping to 55 mAh g=! (68% retention). UCL:5 shows 80% ca-
pacity retention over 0.6 million cycles (x1 year). To the best of
our knowledge, this marks a durability record for porous cath-
odes in ZIHCs, surpassing all other porous carbons,[6910.21:35-37]
MXenes, 4 and metal oxides,[**?] which typically demon-
strate lifetimes below 100 000 cycles (Figure 3e; Table S4, Sup-
porting Information). Just for illustration, the capacity of the ref-
erence YP-50F declines after 20 000 cycles and ultimately fails af-
ter 100 000 cycles.

Overall, these results highlight that the carbon pore size
plays a significant role in the electrochemical properties of ZI-
HCs. Micropores favor high capacitance, while mesopores im-
prove rate capability and cycling stability, consistent with pre-
vious reports.['21043-5] However, excessively large mesopores
can negatively impact volumetric performance. In addition, self-
discharge properties were evaluated, with UC1:5 and UC1:50
maintaining over 67% potential retention after charging to
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Figure 3. Electrochemical properties of ZIHCs using UC1:50, UC1:5, or YP-50F as cathodes. a) Discharge—charge curves at 0.1-100 A g~'. b) Specific
capacity (left axis) and capacitance (right axis) at 0.1-100 A g~'. ¢) Comparison of capacity at 0.1 A g~' and capacity retention at 100 A g~'. d) Cycle
performance at 10A g~ . e) Capacity retention versus cycling number, comparing UC1:50, UC1:5, and reported devices. See Tables S4 and S5 (Supporting

Information) for additional references.

1.8 V and resting for 500 h, while YP-50F shows 71% reten-
tion (Figure S14, Supporting Information). This indicates the
minimal impact of pore size on self-discharge. Notably, this
anti-self-discharge performance aligns with other reported ZI-
HCs and outperforms symmetrical carbon-based supercapaci-
tors (Figure S15 and Tables S4 and S5, Supporting Information).

2.3. Three-Electrode Electrochemical Measurements

To investigate the effect of pore size on ion dynamics, we used
a 3-electrode Swagelok cell setup with a carbon film as the
working electrode, Zn foil as the counter electrode, and a sat-
urated calomel electrode (SCE) as the reference electrode, all
in 2 M ZnSO, aqueous electrolyte. The setup ensures stable
reference potential and precise monitoring of cathode potential
changes.[***8] The cathode potential was measured ranging be-
tween —0.8 and 0.75 V versus SCE when operating in a ZIHC
with a voltage range of 0.2 to 1.8 V versus Zn?*/Zn (Figure S16,
Supporting Information). Cyclic voltammetry (CV) tests were
conducted in the same potential range at scan rates from 5 to
200 mV s~! (Figure S17, Supporting Information). At 10 mV s7!,
both UC1:5 and UC1:50 exhibit similar quasi-rectangular CV
shapes with cathodic peaks at ~—0.45 V (C1) and anodic peaks
near —0.4 and 0.2 V versus SCE (A1, A2) (Figure 4a), confirm-
ing very similar surface areas and surface chemistry. YP-50F ex-
hibits a smaller CV area with a visible anodic peak at 0.1 V versus
SCE. These peaks are likely associated with the redox processes
of surface functional groups, such as the protonation and depro-
tonation of carbonyl groups, accompanied by charge transfer.[®*]
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Additionally, the anodic peaks can be related to the oxidation of
adsorbed hydrogen atoms (H,,) from the Volmer step of water
reduction, to be discussed further in the next section.

The ion dynamics related to these peaks was assessed using the
relationship between peak current (i) and scan rate (v), following
the equation i = av’, where a and b are adjustable parameters.!>!
By plotting log i, for cathodic/anodic peaks versus log v from
CV curves (5-40 mV s7!), the b-values were determined to be
close to 1 (Figure S18, Supporting Information), indicating dom-
inant surface-controlled processes across all samples. The dif-
fusion rate of charge carriers within porous carbons was evalu-
ated by the GITT.*»2] UC1:5 demonstrates larger diffusion co-
efficients (D;,,, 2 X 1071°-=1.5 X 1077 cm? s7!) than UC1:50 (1
x 10716 x 107® cm? s71) (Figure 4b and S19, Supporting In-
formation), confirming that mesopores enable faster ion diffu-
sion. Both synthesized samples have significantly larger diffu-
sion coefficients than only microporous YP-50F (2 x 10711—4 x
1078 cm? s71).

The in situ electrochemical impedance spectroscopy probed
the electrochemical interfaces with the change of potential. The
obtained Nyquist plots exhibit a high-frequency loop associated
with charge transfer resistance (R,) at the electrode/electrolyte
interface, and a low-frequency slope representing Warburg
impedance (Z,) from ionic diffusion within the pore networks
(Figure 4c—e).[*33] For UC1:50, the plots remain constant as the
potential decreases from 0.75 to —0.4 V, but show enlarged loops
and reduced slopes from —0.4 to —0.8 V (Figure 4c), indicating
increased electronic and ionic resistance.l>*>* These changes are
fully reversible as the potential goes back to —0.4 V and then to
0.75 V.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a c d e
o 400+ UC1:50 uc1:5 YP-50F //\\
H N
3 200- 40, V vs. SCE V vs. SCE | 100 Vvs. SCE |“ @
< 0.75 075 | @
5 0 0.6 . 0.6 o
g 0.4 d —o—0.4 =
8§ -2001 | —o—0 8°‘x§ . —o—0 =)
2 P o -0.4 ——-04| |
g -400- —o—-0.6 o -06| | &
@ . . ‘ ‘ . —o—-0.8 M —o—-0.8 ﬁ
08 -04 00 04 08 ——-0.6| 601 —o— 0.6
Potential (V vs. SCE) —— =04 —o— —o 4 /A\
—o—0 ‘f —o— 0
b _6 |Potential increases — 0.2 0.2 3‘
P55 PTB B 0.4 | 40 r‘“‘“"“’ . 04 | |8
= gl—o—uUcC15 \f 0.6 0.6 o
» —o— UC1:50 5 0.75 075 ' §
E 4o |0 YP-50F ks
o ! i ~
E; -6 {Potential decreases 20+ g
§ o OWWW@ q:)
o -84 ¢ o—o0 3
ﬁ/@—m l
-104 : : : 0 ‘ J o : — 0 : :
-0.8 -0.4 0.0 0.4 0 10 20 0 4 8 0 20 40
Potential (V vs. SCE) Z' (Ohm) Z' (Ohm) Z' (Ohm)

Figure 4. Three-electrode electrochemical measurements for ion dynamic analysis. a) CV curves at 10 mV s~'. b) lon diffusion coefficients (D;,,)
calculated from Galvanostatic intermittent titration technique (GITT). Electrochemical impedance spectra (EIS) Nyquist plots at different potentials of

¢) UC1:50, d) UCT:5, and e) YP-50F.

UC1:5 shows similar trends but with lower resistance values
(Figures 4d; S20, Supporting Information), likely due to its larger
mesopores, which maintain efficient mass and charge trans-
fer while preventing pore blockage by precipitates. YP-50F, in
contrast, exhibits higher resistances between —0.4 and —0.8 V
(Figure 4e), suggesting that its solely microporous architecture
is severely blocked, limiting ion access. The increased electronic
and ionic resistances between —0.4 and —0.8 V are associated
with ZHS precipitation, confirmed by X-ray diffraction and in-
frared spectroscopy (Figures S21 and S22, Supporting Informa-
tion). ZHS deposits on the carbon surface as micrometer-sized
hexagonal platelets (Figure S23, Supporting Information), which
block ion access to carbon pores and hamper ion transport and
charge transfer. It cannot be excluded that ZHS may also form
poorly crystalline, nanometer size species tightly sticking to the
carbon surface. ZHS formation is also supported by Energy-
dispersive X-ray spectroscopy (Figure S24, Supporting Informa-
tion). Upon charging, ZHS dissolution at higher potentials frees
these pores and surfaces, decreasing R, and Z,,..

These experiments confirm the enhanced ion dynamics as-
sociated with mesopores, a behavior commonly observed in
supercapacitors.**] However, in the case of ZIHCs, additional
ZHS precipitation significantly obstructs micropores, while
mesopores provide more space for its accommodation. The for-
mation of ZHS indicates a local pH increase near the carbon elec-
trode and thus the proton/water reduction process, contributing
to the charge stored. This will be investigated further in the next
section.

2.4. Charge Storage Mechanism Analysis

The charge storage mechanism was further investigated by the
electrochemical quartz crystal microbalance (EQCM) technique.

Adv. Mater. 2025, 37, 2502422 2502422 (7 of 12)

In comparison to the uncoated gold quartz electrode (Figure
S25, Supporting Information), the CV area increases significantly
when UC1:5 was coated on the gold-quartz resonator (Figure S26,
Supporting Information), indicating the contribution of porous
carbon to charge storage. To analyze the cathodic charging mech-
anism, the frequency change of UC1:5-coated gold quartz crystal
(Af) during the cathodic scan was converted into the mass change
on the working electrode (Am) using Sauerbrey’s equation.>]
Amwas plotted against the accumulated charge (AQ), with 0.74 V
versus SCE as the origin of the plot (AQ = 0), where the cur-
rent response is zero in the CV curve (Figure 5a). This helps
in determining the nature of adsorbed/desorbed species on the
carbon.

The potential of zero charge (PZC) for UC1:5 is 0.3 V versus
SCE (Figure S27, Supporting Information), defining the onset of
dominant Zn?* adsorption during cathodic polarizations. In the
potential range of 0.74-0 V vs. SCE (Region I), the CV shows
typical capacitive behavior with a limited mass change on the
electrode. Most likely, the charge storage in this range is a com-
bination of anion desorption and cation adsorption.’*>” Dur-
ing negative polarizations, SO,2~ desorption initially decreases
mass above PZC, followed by adsorption of hydrated Zn?* ions
around PZC, which increases the corresponding mass, especially
below PZC where “all” SO,%~ are desorbed (Figure 5b). Between
0 and —0.4 V (Region II), the mass peaks at —0.2 V and decreases
with continued charge accumulation. This behavior is primarily
linked to the partial dehydration of the outer-sphere hydration
shell of solvated Zn?* ions. As charge increases, hydrated Zn**
ions are brought closer to the carbon surface, allowing for tighter
ion packing and more efficient charge storage (Figure 5c). Dur-
ing this desolvation process, free water molecules are released
and exit the pores, leading to the observed mass decrease. This
process aligns well with recent findings,*®! where Zn?* desol-
vation under cathodic polarization enhances capacitance due to
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strong electrostatic interactions between Zn** ions and carbon.
The electrochemical interaction between hydrated Zn?* jons and
carbon surface is further supported by in situ Raman spec-
troscopy, showing a reversible increase in the D and G band
intensities at low potentials (Figure S28, Supporting Infor-
mation). This behavior aligns with previous reports attribut-
ing such changes to negative doping and metal ion-graphene
interactions,!?! supporting the electrochemical adsorption of hy-
drated Zn ions on the carbon surface.

In the high cathodic polarization range (—0.4 to —0.8 V, Re-
gion III), the broad CV peak primarily results from the faradaic
proton-electron combination. Given the low H* concentration
at this pH, the process stems from water reduction and gen-
eration of OH™. The resultant pH increase causes ZHS pre-
cipitation on the carbon surface, as confirmed by X-ray diffrac-
tion, infrared spectroscopy, and SEM/EDS in the previous sec-
tion. The estimated average molar weight per charge in this Re-
gion is 85 gemol~!, suggesting approximately 1 proton reduction
and 0.16 Zn,SO,(OH)4-4H,0 formation (M,, = 532 gemol~!) on
the carbon surface. This matches the deprotonation of 6 water
molecules and the generation of 6 OH™ locked in ZHS (per unit
of ZHS). At such low potentials, hydrated Zn?* ions likely already
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pack tightly onto the carbon surface. The water molecules in their
solvation shells are “activated” by interaction with Zn?* (Lewis
acid), facilitating the dissociation of this water molecules and the
reduction of resulting protons onto the negatively charged car-
bon surface (Figure 5d). The effect of Zn?* can be matched to the
“cation effect”, commonly studied in electrocatalysis.!?22% Water
dissociation is concomitant with its reduction, with protons in-
volved in a faradaic transition, combining with electrons from the
carbon surface to form surface-bound hydrogen species (H,4).
This process corresponds to the Volmer step in the hydrogen evo-
lution reaction.>”!

As protons transfer from water to the carbon surface, the re-
sultant OH™ anions are liberated and bind to Zn?* in the elec-
tric double layer, finally forming ZHS after six proton transfers
per four Zn?*, which increases the mass on the carbon electrode
(Figure 5d). This means that the system becomes both thermody-
namically and kinetically stabilized. This chemical “lock-in” pro-
cess, driven by nanophase precipitation, enhances charge stor-
age by inhibiting drastic pH fluctuations near the carbon surface,
with ZHS acting as a pH buffer. However, ZHS partially covers
the carbon surface, limiting further Zn?* adsorption and slowing
ion dynamics.
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Overall, the process in Region III can be considered as an
acid exchange between Zn?* (Lewis acid) and H,4 on the carbon
surface. The generated OH~ binds with adsorbed Zn?*, which
reduces the positive charge and, consequently, the energy stored
at the electrode/electrolyte interface. Nevertheless, the relation-
ship between capacitive and faradaic charge storage, as well as
their possible interchange, remains unclear and requires further
investigation. It is worth mentioning that, as discussed by Fleis-
chmann et al.,, there is a continuous transition from capacitive
to faradaic charge storage mechanisms in confined electrolytes,
where partial charge transfer occurs.[®! Therefore, the notion of
capacitive and faradaic storage might be in this case purely theo-
retical. In addition, we cannot exclude the process that hydrated
Zn ions near the electrode surface may migrate to the electric
double layer for partial charge compensation of ZHS formation
at this stage (see analysis in Supporting Information, Section 2).
All described cathodic processes are reversible during the an-
odic scan (Figure S29, Supporting Information). Similar EQCM
results for UC1:50 suggest that pore size does not significantly
affect the overall charge storage mechanism, but the extent to
which it occurs (Figure S30, Supporting Information).

Here, it is important to note that EQCM has the limitation
of only measuring changes in electrode mass, which may re-
sult from the movement of ions, solvents, or precipitates into
or out of the electrode.[1%2] This makes it challenging to pre-
cisely identify and quantify adsorbed/desorbed species. Never-
theless, we can still summarize the overall charge storage mech-
anism as follows. At high potentials, desorption/adsorption of
hydrated SO,?"/Zn?* ions dominates, contributing to electric
double-layer capacitance. Partial dehydration of hydrated Zn ions
at mid-range potentials further increases capacitance. At lower
potentials, charge storage occurs through processes involving the
Volmer step (reduction of water molecule generating surface-
bound H,; and OH™ in the electrolyte) and ZHS formation. This
sequential progression, starting from Zn?* ion adsorption, fol-
lowed by partial dehydration, the Volmer reaction, and finally
ZHS formation, defines the multi-stage charge storage process.
All these processes reverse during the anodic charging process.

Overall, these mechanisms give a high stored electric charge
by contributing capacitive Zn?* and faradaic H,, parts. As these
processes are all mostly local effects, they can occur at high rates
and reversibly, all summing up to advantageous overall perfor-
mance. Compared with previous models, which mainly focus
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on capacitive ion adsorption/desorption,> !l our study confirms
Zn?* dehydration as a critical step enabling efficient ion packing
and subsequent faradaic reactions. Importantly, although proton-
involved reactions were previously suggested,l>! this underlying
mechanism shows the role of water as the proton source in mildly
acidic electrolytes.

2.5. Impacts of Pore Size on Charge Storage

The above mechanistic analysis shows that charge storage during
the cathodic process is dominated by the adsorption of hydrated
Znions and Zn?*-catalyzed water reduction alongside simultane-
ous ZHS formation. In aqueous electrolytes, Zn ions are highly
hydrated due to their high charge density and solvation energy,
leading to an ionic size of 0.86 nm for Zn(H,0),** in comparison
to 0.15 nm for bare Zn**.[6%4] The presence of an outer hydra-
tion shell, such as in Zn(H,0),, ,**, further increases the size.*®]
Consequently, the performance variations across different pore
sizes are primarily determined by the packing and dynamics of
hydrated Zn ions within and across nanopores. Additionally, the
accumulation of solid ZHS in different pore sizes further influ-
ences ion dynamics, which in turn impacts both rate capability
and cycle stability. This process is absent in conventional super-
capacitors. Based on this model, we can summarize the pore size
effects as follows.

Atlow charging rates, where mass transfer limitations are min-
imal, hydrated Zn ions, primarily Zn(H,0),>", can easily dif-
fuse into and pack in the nanopores of UC1:50 (0.86—4 nm).
This effective packing, aided by partial dehydration, maximizes
surface utilization and brings adsorbed ionic species closer to
the carbon surface, efficiently balancing the electrode charge
(Figure 6), and leading to higher capacitance (Figure 3b).%®! In
comparison, UC1:5, with larger mesopores (4-13 nm), allows en-
try of Zn ions with secondary hydration shells. This increases the
distance between the ion charge center and carbon surface, even
under partial dehydration at more negative potentials, resulting
in less efficient charge screening and lower capacitance. For YP-
50F, some micropores are too small (< 0.86 nm) to accommodate
Zn(H,0)**. Accessing these pores requires slow desolvation of
primary hydration shells, which reduces the surface accessibil-
ity. However, Zn(H,0)2" can still enter larger micropores (0.86—
2 nm), where shorter ion-carbon distances partially compensate

Pore width of 4-13 nm

.. [ 4

Large A, Large d, Moderate C
High rate capability
High cycle stability /

Figure 6. Illustration of hydrated Zn ions entering and packing in pores of increasing sizes and impacts of pore size on electrochemical properties. The
capacitance C is determined by C = ¢A/d, where A is the accessible surface area for charge carriers, d is the average distance from the ionic charge center
to the electrode surface, and ¢ is the electrolyte permittivity. Pore size influences electrochemical properties by affecting A or d.
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for the reduced surface area, leading to comparable normalized
capacitances to UC1:5 (Figure S8, Supporting Information).

Athigher charging rates, insufficient ion supply in small pores
hinders effective charge screening at the electrolyte-electrode in-
terface, particularly in YP-50F. This issue is exacerbated by the de-
position of dense ZHS, which blocks ion transport and decreases
the accessible surface for charge storage. Unlike conventional su-
percapacitors, where ion adsorption/desorption dominates, the
formation of ZHS in ZIHCs introduces additional transport
limitations. Mesopores (2-13 nm) thus become essential to en-
sure ion accessibility and charge transfer, as demonstrated by
the better rate performance of UC1:5 and UC1:50 under these
conditions.

The robust cycle stability of UC1:5 and UC1:50, compared with
YP-50F, is due to their larger pore sizes and higher pore vol-
umes, which improve ion diffusion and prevent ion depletion
within pores. Particularly, the well-developed larger mesopores
in UC1:5 serve as efficient ion highways, balancing mass and
electron transfer, while also providing buffer space to mitigate
structural stress from ion adsorption and ZHS precipitation. This
prevents excessive ZHS accumulation in confined nanopores,
maintains open ion pathways, and helps stabilize the system
for at least 600000 cycles. In contrast, microporous YP-50F ex-
periences rapid capacitance decline upon cycling, likely due to
pore blockage or collapse from high-rate ion shuttling and re-
peated ZHS precipitation/dissolution.[®-%"] These issues hinder
ion diffusion, reduce surface availability, and increase structural
stress, ultimately compromising long-term stability.[®>-%”] Finally,
it is worth noting that structural disorder may also influence
performance.l’”%8] For example, the higher disorder in UC1:50
may contribute to its higher normalized capacitance compared
with YP-50F. Although it is difficult to unequivocally decouple
the effects of pore size and carbon defect, the pore size still seems
to play the dominant role.

3. Conclusion

In summary, we presented a facile synthetic strategy for porous
carbons, which mesopore volume can be adjusted by adding uric
acid acting as pore modifier. The pore sizes are modulated while
maintaining comparable large SSAs (>3000 m? g~!) and func-
tionalities without additional activation. The obtained carbons,
categorized by their micro- or mesoporous character, served as
model materials to study the mechanisms of charge storage in
ZIHC cathodes and its pore-size dependence. Notably, an opti-
mized nanopore structure within the 0.86-4 nm range ensures a
high capacity of 198 mAh g~!, while mesopores (4-13 nm) make
the material resilient for up to 0.6 million cycles.
Electrochemical studies including EQCM measurements shed
light on the underlying charge storage mechanisms and high-
light the important contribution of electrochemical hydrogen
storage facilitated by Zn?* cations. Charge storage begins with
the adsorption and desolvation of hydrated Zn?* ions. As the pro-
ton concentration in 2 M ZnSO, is too low to effectively con-
tribute to the stored charge, water reduction, and H,4 genera-
tion occur, catalyzed by Zn?* Lewis acid, triggering OH~ forma-
tion, locally increasing pH, and causing the precipitation of ZHS.
The binding of OH~ with Zn?* reduces its charge and, there-
fore, the energy stored. Further investigation is needed to under-
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stand how the capacitive and faradaic charge storage in this case
are mutually associated. From a broader perspective, our find-
ings underscore the significance of the cation effect known from
electrocatalysis in energy storage, which can be useful in design-
ing future sustainable energy storage devices. ZHS formation in
the final state chemically locks OH™ and stabilizes the system
at ultimate cathodic polarizations, associated with the increased
capacitance of ZIHCs compared to traditional supercapacitors.
On the other hand, ZHS precipitation blocks the surface and
causes structural tensions in the material. Therefore, materials
with highly developed surface areas and mesopores are necessary
to accommodate the precipitating salt, providing higher stability.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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