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1. Introduction

Directly harvesting solar power without traditional solar cells represents an
efficient solution to the current energy challenges. Photo-rechargeable The non- renewable nature of conven-

batteries (PRBs) are receiving intense interest as they eliminate the additional
costs and energy losses associated with off-grid power generation. Herein,

tional energy sources and their associated
environmental pollution have prompted a
shift toward the development of renew-

photo-rechargeable aqueous Zinc-ion batteries (PRZIBs) are constructed, able and clean energy. Solar energy, recog-
using a-MnO, nanowires as bifunctional photoelectrodes to reveal the nized as a viable alternative, can provide
complex photo-electrochemical effects in MnO, PRZIBs. Through a series of ~3 x 10** J of energy annually to Earth’s

in situ characterizations under illumination, the advantages of intrinsic light
effects in @-MnO, based PRZIBs are elucidated from three aspects: (1)
inhibition of Jahn-Teller distortion via strengthened hydrogen bonding within

surface.'!l While solar cells have achieved
widespread adoption for energy conver-
sion, off-grid solar systems still requires
development. For the off-grid power sup-

a-MnO,, (2) suppression of Mn?* dissolution through the “protective layers” plies, an external power source is typically
formed by photo-promoted Zn?** [H* co-intercalation, and (3) acceleration of needed for electricity storage due to the
Zn?* desolvation in the electrolyte enabled by abundant photogenerated intermittent nature of solar energy, along

holes. The PRZIBs with a-MnO, photoelectrodes demonstrate a specific
discharge capacity of 308.1 mAh g=' under illumination (1 sun), along with

with the need for output voltage match-
ing with the energy storage units. These
requirement inevitably lead to the energy

excellent cycling stability and high energy conversion efficiency of 0.68% (by transmission losses.l?] Therefore, a photo-
photocharging only). In addition, the interdigital micro-PRZIBs successfully driven self-powered energy storage sys-
power wearable sensors, demonstrating practical applicability. This work tem is particularly important.”] Recently,

provides valuable insights into the time-resolved reaction mechanisms in
PRZIBs, and opens new prospects for developing PRBs in wearable and

portable devices, i.e. smart textiles and biosensors.
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photo-rechargeable batteries (PRBs) have
been widely studied for their integrated
bifunctional photovoltaic electrodes.[l In
PRBs, photo-generated holes and elec-
trons accelerate the redox reactions at the
photo-cathodes and anodes, effectively con-
verting solar energy into electrochemical
energy with fewer independent energy models.’] Compared
to traditional solar cells and energy storage devices, photo-
rechargeable batteries offer advantages of lower cost and less en-
ergy loss. These benefits make PRBs ideal candidates for pow-
ering portable and wearable smart devices, e.g., biosensors, lap-
tops, and smartwatches. Moreover, PRBs demonstrate great po-
tential for off-grid power generation in various scenarios includes
remote areas, islands, and communication base stations.[®’
Since the first Li*-based PRBs were discovered in 2014,7] sig-
nificant efforts have been devoted to researching PRBs due to
their simple designs and high solar energy conversion efficiency.
To achieve such a system, dual-functional (solar conversion and
energy storage) photoactive electrodes are essential for integrat-
ing the modules and enhancing the performance of PRBs. How-
ever, ideal-functional electrodes face some challenges regard-
ing their efficiency, stability, and compatibility.®] Efficiency re-
quires strong photoelectrochemical properties of the photoac-
tive electrodes, including fast electron-hole separation and trans-
fer, high visible light absorption, and appropriate energy level
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alignment with the electrochemical reaction. Stability pertains to
the structural integrity of photoelectrodes during redox reaction,
while compatibility refers to their ability to harmonize with the
electrolyte. Guided by these principles, various photoelectrode
materials (e.g. perovskites,! transition metal chalcogenides,!*"’
metal oxides,'!! and organic small molecules!'?l) have been
widely explored in energy storage systems, including lithium-
ion batteries (LIBs),l°! lithium-sulfur batteries (Li-S batteries),!3!
and Aluminum-ion batteries (AIBs).'*] Nevertheless, these ap-
proaches still yield limited solar energy conversion efficiencies
and face challenges such as high manufacturing costs and strin-
gent safety concerns.

Recently, aqueous zinc ion batteries (ZIBs) have garnered sig-
nificant attention as promising energy storage systems for wear-
able devices due to their inherent safety and low costs.!'*! Con-
sequently, photo-rechargeable zinc ion batteries (PRZIBs) are
emerging as potential power sources for everyday electronics.
To date, photoactive materials such as MoS,,[’% Sn0O,,[1%l vana-
dium oxides (e.g., V,05, VO,, and V,0,)!"”] and their compos-
ites have been reported as the photoelectrodes of PRZIBs. No-
tably, Boruah’s group pioneered the first PRZIBs with V,0, as a
photocathode, leveraging its high reversible capacity (=375 mAh
g!) and optimal bandgap for light harvesting (~2.2 eV).['73] Sub-
sequently, researchers focused on hetero-structured photoelec-
trodes to improve solar energy conversion efficiency due to their
high carrier separation ability. For instance, Xu et al. demon-
strated a MoS,/SnO, heterostructure as the photocathode of
PRZIBs, achieving a specific discharge capacity of 202.5 mAh g~
(0.1 A g7') and a solar conversion efficiency of 0.4% (under 1-sun
illumination) after photocharging.['%) Despite these advances, the
synergy between the photovoltaic effect and energy storage mech-
anism in these PRZIBs remains poorly understood. A critical
knowledge gap lies in time-resolved mechanistic studies, such as
in situ XRD, in situ TEM, and in situ FT-IR, to elucidate photo-
assisted processes during energy conversion and storage, which
are still unexplored.

Herein, for the first time, @-MnO, nanowires are introduced
as photoelectrodes in PRZIBs, leveraging their outstanding pho-
toelectrochemical properties, low cost, non-toxicity, and suitable
bandgap, which underscore their potential for commercial appli-
cations. UV-vis absorption spectra and cyclic photocurrent mea-
surements verify the a-MnO, photoelectrodes’ superior visible-
light absorption and efficient electrons/holes separation. More-
over, in situ XRD and ex-situ XPS characterizations under il-
lumination further reveal the photo-accelerated Zn?*/H* co-
intercalation mechanism in a-MnO,, exhibiting faster kinetics
compared to dark conditions. This process enhances hydrogen
bonding within a-MnO,, leading to the formation of a new inter-
mediate product, i.e. Zn,SO,(OH),*5H,0. Importantly, in situ
FT-IR analysis reveals that photoenergy strengthens the hydro-
gen bonds (strong H-bonds) in ZnSO, electrolyte and reinforces
the hydrogen-bonding network in the aqueous solvent (H,0),
thereby lowering the energy barrier for Zn?* desolvation. Fur-
thermore, photoinduced Zn?* /H™ co-intercalation intensifies the
H-bonds in @-MnO,, mitigating Jahn-Teller distortion and sup-
pressing Mn?* dissolution. The PRZIBs with a-MnO, photoelec-
trodes achieve a specific discharge capacity of 308.1 mAh g~! un-
der illumination (1 sun) — significantly higher than 207.2 mAh
g! observed in dark conditions at 0.2 A g~!— along with stable
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cycling performance and a high energy conversion efficiency of
0.68% (by photocharging only). Additionally, interdigital micro-
PRZIBs based on a-MnO, photoelectrodes have been success-
fully integrated into a self-powered pressure sensor, operating
without an external energy supply after photocharging. This work
provides valuable insights into the real reaction mechanisms
of PRZIBs under illumination and establishes a framework
for designing efficient two-electrode photo-rechargeable systems
for wearable and portable devices, such as smart textiles and
biosensors.

2. Results and Discussion

The a-MnO, nanowires are usually synthesized by a modified
one-step hydrothermal method!'*! (see Methods for details). As
shown in Figure 1a, X-ray diffraction (XRD) spectroscopy con-
firms that the as-received MnO, matches well with the standard
a-MnO, (PDF #44-0141), with no detectable impurities, indicat-
ing high phase purity. The Raman spectrum (Figure S1, Support-
ing Information) further corroborates the @-MnO, structure, ex-
hibiting characteristic peaks centered at 637 cm™ (Mn-O sym-
metric vibrations), 579 cm™ (Mn-O stretching vibration), and
379 cm™! (Mn-O bending vibration).['¥) Additionally, the trans-
mission electron microscopy (TEM) image (Figure 1b) reveals
the 1D structure of the a-MnO, nanowire, with an average di-
ameter of 20-30 nm (Figure S2, Supporting Information). The
lattice fringe spacing of 0.5 nm corresponds to the (2 0 0) plane
of tetragonal a-MnO,. Furthermore, the corresponding selected-
area electron diffraction (SAED) pattern in Figure 1c confirms
the single-crystal property of a-MnO,. At the molecular level,
the a-MnO, consists of corner-sharing double-chain MnO, oc-
tahedra with well-defined [2 X 2] channels and [1 X 1] tunnels
(Figure 1d).") The [2 x 2] channels facilitate Zn®* insertion,
whereas the [1 X 1] tunnels facilitate H* insertion. Under illu-
mination, photoenergy helps to overcome the desolvation energy
barrier for [Zn(H,0)¢]**/H;0" in the electrolyte, promoting the
Zn*/H* intercalation during discharge and enhancing the dis-
charge capacity (detailed discussions presented in the following
part).

The conduction band (CB) and valence band (VB) positions
of -MnO, were characterized using UV-Vis diffuse reflectance
spectroscopy and X-ray photoelectron spectroscopy (XPS). The
band gap was determined to be 1.95 eV (Figure le), while
Figure 1f indicates that the valence band is located at 1.69 eV (vs.
NHE). Consequently, the CB and VB of a-MnO, were calculated
as —4.24 eV and —6.19 eV (vs. vacuum), respectively. Figure 1h il-
lustrates PRZIB’s structure employing a-MnO, /rGO electrodes,
along with their band diagram and the ions/electrons transport
during photocharging. Under illumination, efficient charge sep-
aration occurs in the a-MnO, /rGO photoelectrodes. Specifically,
the a-MnO, efficiently absorbs photons to generate electron-hole
pairs, the photo-generated electrons migrate from VB toward CB,
and then rapidly transport to the rGO. Conversely, the holes react
with the product of the discharge process, i.e. ZnMn,0, (ZMO),
facilitating the Zn?* deintercalation process. To assess the charge
separation, coin cells with optical windows were assembled
for photo-responsive testing (Figure S3, Supporting Informa-
tion). Figure 1g demonstrates the remarkable photogenerated
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Figure 1. Characterizations and photovoltaic properties of a—MnO,. a) X

RD patterns of a-MnO,. b) TEM and HRTEM (inset) images of a-MnO,.

Scale bar of inset: 2 nm. c) Corresponding SAED pattern of a-MnO,. d) Schematic illustration of photo-induced Zn**/H* co-insertion of a-MnO,
under illumination. e) UV-visible diffuse reflectance spectrum of a-MnO,. (f) XPS valence band spectrum of a-MnO,. g) Photocurrent of a-MnQO, /rGO
photocathodes in ZIBs under alternatively illumination. h) Schematic mechanism of photoassisted-ZIBs based on a-MnO, /rGO electrodes during

photocharge.

electron-hole separation capability of a-MnO, /rGO photoelec-
trodes, with the photoresponse current of ~2 pA.

Figure 2 depicts the electrochemical properties of the a-MnO,-
based PRZIBs. To exclude the photothermal effect, rate perfor-
mances were measured under dark, thermal (coin cells with-
out the optical window under 1 sun), and light conditions (coin
cells with the optical window under 1 sun). As illustrated in
Figure 2a, a-MnO, ZIBs exhibited similar rate performance un-
der thermal and dark conditions, confirming the negligible in-
fluence of photothermal effects. Notably, the photo-assisted a-
MnO, ZIBs demonstrated significantly improved specific capac-
ities across all current densities (from 0.2 A g™ to 2 A g™'). The
capacity returned to 356.4 mAh g™ at 0.2 A g7! with a recov-
ery rate of 115.7%, indicating excellent rate performance under
illumination. The galvanostatic charge/discharge curves (GCD)
profiles at 0.2 A g=! (Figure 2b) reveal charge/discharge capac-
ities of 343.2/308.1 mAh g~! under illumination, compared to
only 213.9/207.2 mAh g™! in dark conditions. Additionally, two
characteristic discharge plateaus at 1.43 V and 1.32 V were ob-
served in both conditions, corresponding to H and Zn?* inter-
calation, respectively.(’® Importantly, illumination reduced the
polarization potential (AE) between the charge and discharge
plateaus (A Ejinaion = 0.24 V and A E,, = 0.27 V), as well
as reduced the discharge plateau. Also, the voltage changes of
a-MnO, PRZIBs before and after illumination are provided in
Figure S4 (Supporting Information) (current density: 0.2 A g1).
Upon switching to light, the voltage was increased during dis-
charge and decreased during charge, demonstrating that light
can mitigate the polarization. Similar trends were observed at
higher current densities (Figure S5a—e, Supporting Information),
with irradiation consistently reducing the polarization voltages
and prolonging the discharging plateaus. It should be pointed out
that the relatively low coulombic efficiency in Figure 2b stemmed
from the photo-induced proton transfer causing corrosion in the
anode (Zn foil),["”"! which diminishes at high current density
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(Figure S5c—e, Supporting Information). We also investigated the
GCD profiles at different current densities under light (Figure 2c)
and dark (Figure S5f, Supporting Information) conditions, and
the corresponding photo-assisted capacities (Figure S6, Support-
ing Information) as well. Interestingly, even at the high current
density (2 A g7!), the photo-assisted ZIBs demonstrated specific
charge/discharge capacity enhancement of 83.1%/83.2%. This
suggests that photoenergy overcomes the kinetic limitations of
a-MnO, and ions/protons by supplying additional charge carri-
ers to participate in the electrochemical reaction.*! In addition,
the fitted Nyquist curves from electrochemical impedance spec-
troscopy (EIS) measurements of @-MnO, ZIBs reveal a 62.8%
reduction in charge transfer resistance (R,) under illumination
(180.1 Q versus 481.4 Q in dark conditions).

The galvanostatic intermittent titration technique (GITT) anal-
ysis (Figure S7, Supporting Information) further confirms accel-
erated ionic diffusion under illumination, with a photo-promoted
diffusion coefficient (D,..) 5-10 times higher than that under
dark conditions. These results verify that the photogenerated car-
riers, which can be efficiently separated by a-MnO, /rGO photo-
electrodes, significantly contribute to charge transfer and ionic
diffusion in bulk electrodes. Moreover, the capacity retention of
photo-assisted a-MnO, ZIBs was investigated (Figure 2e). The
cyclic stability tests revealed that photo-assisted batteries main-
tained 208.1 mAh g' capacity at the current density of 0.5 A
g1, whereas the dark-cycled counterparts maintained only 133.5
mAh g! after the 150th cycle (Figure S8, Supporting Informa-
tion). These results are consistent with the aforementioned rate
performances and also demonstrate the excellent cycling stabil-
ity of photo-assisted a-MnO, ZIBs. Figure 2f-h systematically
show the photo-charging abilities of the a-MnO, ZIBs without
an external electric power supply. Since the potential continues
to rise slowly during the static rest period after the discharge
process (self-charge, blue curve in Figure 2f),13] it is necessary
to exclude the contribution of this part when evaluating the

(3 of 13) © 2025 Wiley-VCH GmbH
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Figure 2. Electrochemical properties of photo-rechargeable a-MnO, ZIBs. a) Rate performances of a-MnO, ZIBs in dark, thermal, and light conditions.
b) Galvanostatic charge and discharge (GCD) curves for a-MnO, ZIBs in dark and under illumination at 0.2 A g~'. ¢) GCD curves for a-MnO, ZIBs at
current densities from 0.2 A g~ to 2 A g~ in light conditions. d) EIS plots for a-MnO, ZIBs in dark and light conditions. e) Cyclic curves for a-MnO,
ZIBs switching between in dark and light conditions at 0.5 A g~ 1. f) Light-charge and dark-discharge for a-MnO, ZIBs at 20 mA g~ . g) Light-charge and
dark-discharge for a-MnO, ZIBs at 20 mA g~!, 50 mA g~', and 100 mA g~'. h) Light-charge, light-discharge, and dark-discharge for a-MnO, ZIBs at 50
mA g~ to mimic all-day application. i) Comparison of the performances with other PRZIBs and this work in recent years.

conversion efficiency for photo-rechargeable ZIBs (PRZIB). So,
following complete discharge under dark conditions, the batter-
ies underwent sequential photo-charging and self-charging (as
shown in Figure 2f), after which their discharge performance was
evaluated at a current density of 20 mA g~'. Here, the discharge
capacities of photo-charged and self-charged ZIBs were found
0.1709 mW h and 0.0558 mW h, respectively. Therefore, solar-
electric conversion efficiency (f,pmpersion) it the a-MnO, PRZIB
can be calculated by Equation (1).

ED—discharge

output EL—dischmge -

E
= 100% =

Hconversion E

input (P, x AXt)

100% (1)

where, E; _ jiiar,. Tefers to the photo-charged discharge capacity
in mW h, Ep _ gigar. refers to the self-charged discharge capac-
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ity in mW h, P,, is the power density of incident light in mW
cm~2, Ais the irradiated area in cm?, and ¢ is the photo-charging
time in hours, respectively. We estimated the conversion
efficiency to be 0.46% using this equation. However, in most
previous literature reports, the solar energy conversion effi-
ciency was calculated without subtracting the self-charging en-
ergy (Table S1, Supporting Information), which corresponds
to 0.68% in this work. This demonstrates a superior con-
version ability compared to most recently reported PRZIBs
(Figure 2i). Figure 2g represents the discharge profiles at var-
ious specific currents (30, 50, and 100 mA g7!) after 0.5 h
of photo-charging. It can be observed that the open circuit
voltage (V) of the PRZIB reached to 1.39 V after photo-
charging. Furthermore, Figure 2h illustrates the photo-charging
abilities of @-MnO, PRZIBs under simulated diurnal operating
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Figure 3. Electrochemical and ex situ XPS characterizations of a-MnO, /rGO photoelectrodes. a,b) CV curves of ZIBs based on a-MnO, /rGO photoelec-

trodes at scan rates of 0.2-0.8 mV s™! under dark (a) and illumination (b).

c) Comparison of CV curves of ZIBs based on a-MnO, /rGO photoelectrodes

under dark and illumination at 0.2 mV s~'. d,e) Corresponding b-values under dark and illumination of (a) and (b). f) Capacitance contributions at differ-

ent scan rates under dark and illumination derived from (d) and (e).
process under dark and illumination.

conditions, highlighting their potential for practical all-day
application.[72]

To comprehensively study the photo-promoted electrochem-
ical reaction kinetics in a-MnO, PRZIBs, we performed CV
tests at various scan rates under both dark and light conditions.
Figure 3a,b present the CV curves obtained between 0.8 and 1.8
V vs. Zn/Zn?* over a range of scan rates from 0.2 to 0.8 mV s~
Two pairs of typical anodic/cathodic peaks are observed under
both dark and light conditions. The cathodic peaks at 1.33-1.37
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g,h) ex situ XPS characterizations of O 1s spectra for a-MnO, during charge/discharge

V (Peak 4) and 1.20-1.25 V (Peak 3) are attributed to Zn?*/H*
intercalation, respectively. Meanwhile, the anodic peaks at 1.55-
1.65 V (Peak 1 and 2) indicated Zn?**/H* deintercalation.['®] No-
tably, the CV curves obtained under illumination exhibited sig-
nificantly sharper peaks and higher current densities compared
to those measured in dark conditions, indicating the enhanced
kinetics for both Zn?* /H* intercalation and deintercalation pro-
cesses. Figure 3¢ shows a comparison of CV curves under dark
and light conditions at 0.2 mV s7!, where significant shifts in
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the redox peak positions are observed. Specifically, Peak 4 (H*
intercalation) shifts from 1.37 V (dark) to 1.40 V (illumination),
as well as Peak 3 (Zn?" intercalation) shifts from 1.25 V (dark)
to 1.28 V (illumination). The anodic peaks (Peak 2 and Peak 1)
also shift to lower potential (both peaks with AE = 0.01 V). These
changes indicate a significant reduction in the polarization of
the redox reaction under illumination, which also suggests that
photo energy enhances the electrochemical reaction activity and
accelerates the electrode kinetics.!'3?%] Additionally, the quantita-
tive analysis shows a 47.6% increase in the integrated area of CV
curves under illumination, revealing enhanced charge storage ca-
pacity. Consistent behavior was observed across higher scan rates
(0.4 mV s7!, 0.6 mV s7!, and 0.8 mV s, Figure S9, Supporting
Information). Moreover, Figure 3d,e provides the b values calcu-
lated form the CV curves in Figure 3a,b to investigate the ori-
gin of capacity improvement under illumination. For both condi-
tions, the b values were always less than 1, indicating that charge
storage contributions arise from both capacitive and diffusion-
controlled processes.[?!] However, as shown in Figure S10 (Sup-
porting Information), for the photo-assisted ZIBs, the b values
decreased at different scan rates compared to dark conditions,
suggesting that the photo energy significantly facilitated ion dif-
fusion behavior.'”"! Specifically, based on Figure S11 (Support-
ing Information), the pseudocapacitive behavior and ion diffu-
sion can be proportionally investigated by the following equation:

i=kv+kp!/? ()
where i denotes the peak current, k,v and k,v'/? represent the
capacitive and ionic diffusion contribution, respectively.l*!] As
shown in Figure 3f and Figures S12 and S13 (Supporting Infor-
mation), the proportion of ion diffusion increased from 44.4%,
33.7%, 24.7%, and 17.6% (dark conditions) to 69.0%, 60.8%,
54.1%, and 47.1% (light conditions) at scan rates of 0.2 mV s7%,
0.4mVs~,0.6mVs, and 0.8 mV s, respectively. This demon-
strates that ion diffusion always contributes more on capacity
under illumination, i.e., photo energy acts as a driving force for
ion diffusion. Furthermore, it is important to emphasize that the
improved capacity contribution form the ion diffusion does not
compromise the pseudocapacitive behavior of the system.[!7"]
To further determine the extent of Zn?*/H* intercala-
tion/deintercalation during charge/discharge process, we per-
formed ex situ XPS characterization on a-MnO, based ZIBs un-
der both dark and light conditions. The deconvoluted O 1s spec-
tra (Figure 3g,h) reveal three distinct peaks at 529.8 eV, 531.5
eV, and 532.5 eV, corresponding to Mn-O-Mn, Mn-O-H, and H-
O-H, respectively.?!l The quantitative analysis of the Mn-O-Mn
peak area (details available in Table S2, Supporting Informa-
tion) demonstrated markedly different behavior under illumi-
nation. During the first cycle of charging (0.8 V—1.55 V—1.8
V), the proportion of Mn-O-Mn peaks increased from 5.4% to
28.2% under dark conditions, while it significantly increased
from 2.1% to 30.4% under illumination. Oppositely, during the
subsequent discharge process (1.8 V—1.3 V—0.8 V), the propor-
tion of Mn-O-Mn decreased from 28.2% to 9.5% under dark con-
ditions, while it dramatically decreased from 30.4% to 5.9% un-
der light. These results confirm enhanced ions (Zn?*/H") in-
tercalation/deintercalation into the a-MnO,. Consequently, both

Adv. Funct. Mater. 2025, 2500182

2500182 (6 of 13)

www.afm-journal.de

pseudocapacitive and ion diffusion behaviors were promoted un-
der light conditions, but the enhancement of ion diffusion behav-
ior was more significant.

In addition, H-O-H peaks in O 1s spectra are closely related to
the Zn-derived intermediate products, i.e. Zn,SO,(OH),, while
Mn-O-H peaks are associated with H* insertion of a-MnO,.!??]
Therefore, variations in both H-O-H and Mn-O-H peaks can be
taken as the reflection of H* intercalation. Specifically, the pro-
portion of H-O-H and Mn-O-H peaks reached 94.1% under il-
lumination versus 90.5% in dark condition during the second
discharge, indicating photo-promoted H* intercalation. This is
consistent with the previously reported photo-enhanced proton
transfer in ZIBs,!'”"! which creates an alkaline environment on
the cathode surface favoring the formation of Zn,SO,(OH),. No-
tably, for the photo-assisted ZIBs, illumination reduced the bind-
ing energy shifts of Mn-O-H (Table S3, Supporting Informa-
tion) and Mn-O-Mn (A Ej,, = 0.21 eV versus A Ej,;, = 0.29 eV),
indicating a photo-inhibited Jahn-Teller effect in a-MnO, cath-
odes. This can be related to the formation of stronger hydrogen
bonds (HeesO) due to the positive charge of H* and the strong
interaction of 0%~ in the a-MnO, insertion layer under light
conditions, thereby weakening the change in Mn-O bonds.!??"]
Also, the H-O-H (Table S4, Supporting Information) peaks ex-
hibited a higher upshift (533.6 eV) for photo-assisted ZIBs after
charging, suggesting strengthened hydrogen bonds (HeesO) in
the a-MnO, framework. From another perspective, this photo-
promoted H* intercalation enhanced hydrogen bonding between
a-MnO, and intercalated H*, which effectively constrained the
stretching of [MnO,] octahedra along the z-axis and mitigated ir-
reversible Mn?* dissolution.21:22"]

The complementary ex situ XPS spectra of Mn 2p (Figure S14,
Supporting Information) demonstrate prominent shifts of Mn
2p;,, peaks toward higher binding energies after charging and
the opposite shifts after discharging, indicating the reversible
Mn?*/Mn** redox behavior during cycling.!?*] Notably, the ob-
served binding energy shifts were attenuated under illumination.
This also indicates the passivation of a-MnO, dissolution under
illumination. The ICP-OES results of Mn/Zn elemental ratio af-
ter cycles also confirm the suppressed dissolution of Mn?* under
illumination (Figure S15, Supporting Information). To further
demonstrate the photo-induced suppression of Jahn-Teller distor-
tion in MnO,, we performed ex situ Raman spectroscopic anal-
ysis (Figure S16, Supporting Information). Three characteristic
peaks of MnO, were observed—V, bonds (640-680 cm™, sym-
metric Mn-O stretching), V, bonds (572-589 cm™'), and V; bonds
(500-515 cm™!), Mn-O stretching in [MnOg] octahedra.**) Under
dark conditions, substantial V, peak shifts during the charge and
discharge process (Figure S13a, Supporting Information) indi-
cate the irreversible changes in [MnO] local octahedron coordi-
nation. This reflects a severe structural change in the [MnO] oc-
tahedron due to the Jahn-Teller distortion in dark. In contrast,
the illuminated samples (Figure S13b, Supporting Information)
maintain nearly constant V, peak positions during cycles, indi-
cating effective suppression of Jahn-Teller distortion.

To investigate the time-resolved Zn?*/H* co-intercalation ki-
netics of photo-assisted a-MnO, ZIBs, we performed in situ
XRD characterizations under both dark and light conditions
(Figure S17, Supporting Information). Figure 4a,c present the
GCD profiles at 0.1 A g! alongside the corresponding 2D
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contours and 1D pattern of in situ XRD spectra of a-MnO, ZIBs
under dark (Figure 4a) and light conditions (Figure 4c) in the
first discharge (1st Dis. red in 1D pattern), the first charge (1st
C. blue in 1D pattern) and the second discharge (2nd Dis. purple
in 1D pattern) process, respectively. Initially, both cathodes exhib-
ited three characteristic peaks at 25.52°, 28.58°, and 37.54°, corre-
sponding to the peaks of carbon cloth (CC), a-MnO, (3 1 0), and
a-MnO, (2 1 1), respectively. During discharge, a new character-
istic peak of ZnMn, O, (ZMO) gradually emerged at 32.89° under
both dark and light conditions, indicating Zn?* intercalation. As
discharge progressed, an additional peak of Zn,SO,(OH),-H,0O
(ZHS) appeared at 35.18°, resulting from the alkaline environ-
ment near the cathode surface caused by H* intercalation.!”]
The charging process demonstrated sequential disappearance
of ZHS followed by the ZMO peaks. During the second dis-
charging, the peaks of ZMO and ZHS reappeared, confirming
the reversible co-intercalation/deintercalation of Zn** /H* under
both dark and light conditions. Notably, for the a-MnO, PRZIBs
(Figure 4c), a distinct peak gradually developed at 24.39° with the
continuation of discharging, which corresponds to the formation
of Zn,SO,(OH),-5H,0 (ZHS:5H,0).2%! This new intermediate
product clearly indicates a larger amount of H* intercalation
into @-MnO, due to the photo-promoted proton transfer under
illumination.

Further, to observe the photothermal effects on the formation
of ZHS-5H,0, we analyzed the FT-IR spectra of electrodes dis-
charged to 0.8 V (cutoff voltage) under dark, thermal, and light
conditions (Figure 4b, d). While the ZHS characteristic peaks (at
960 cm™!, 1070 cm™!, and 1160 cm™!)[?7] appear in all cases, their
intensities are strongest under illumination. It suggests the for-
mation of more ZHS under light compared to the dark condi-
tions. Furthermore, the O-H bond vibrations (2600 cm~"'—3800
cm™1) prove that ZHS formed under illumination contains abun-
dant water (ZHS-5H,0), while no significant O-H peak inten-
sity can be observed under dark and thermal conditions. Mean-
while, Figure S18 (Supporting Information) shows the ex-situ
XRD spectra of electrodes under dark, thermal, and light con-
ditions, where the cathodes were taken out to remove the resid-
ual electrolyte on surface at different SOC. Here, the minimal
formation MnOOH (21.52°)1®) in dark/thermal conditions com-
pared to illuminated samples provide direct evidence for photo-
promoted H* insertion to form excess MnOOH (Figure S18c,
Supporting Information). So, the local thermal effect can be
excluded.

Figure 4e systematically summarizes the peak intensity
changes of different intermediate products (ZMO, ZHS, and
ZHS-5H,0) during the charge/discharge cycles under dark and
light conditions. The characteristic peaks intensities of the in-
termediate products are normalized to the peak intensity of a-
MnO, in initial cathodes. Under illumination, ZMO and ZHS
formation initiates at earlier state of charge (20% and 40% SOC,

www.afm-journal.de

respectively), and disappear at 30% SOC and 50% SOC, re-
spectively. Under dark conditions, ZMO and ZHS formation
initiates at 30% SOC and 50% SOC, while disappear at 20%
SOC and 40% SOC, respectively. These results indicate accel-
erated co-intercalation/deintercalation of Zn**/H* in a-MnO,
under illumination. To better visualize the kinetics of Zn?*/H*
co-intercalation/deintercalation under both dark and light con-
ditions, Figure 4f provides a Gantt chart of the different in-
termediate products, i.e. ZMO, ZHS and ZHS-5H,0, during
charge/discharge process under dark and light conditions. Since
the charge/discharge experiments were conducted at identical
current density, the duration of the intermediate products reflects
the extent of the electrochemical reaction in the a-MnO, cath-
odes. Overall, all the intermediate products exist for a longer du-
ration under light conditions than under dark conditions, indi-
cating that the redox reaction of a-MnO, is more complete under
light conditions. This prolonged reaction window leads to an en-
hanced capacity of the photo-assisted batteries.

To further verify the conversion process of a-MnO, at cath-
odes, we performed ex situ SEM analysis of the cathodes at differ-
ent SOC under both dark and light conditions (Figure 4g). With
both conditions exhibit the intercalation/deintercalation domi-
nant reaction mechanisms, significant morphological changes
emerged. During discharge to 50% SOC, the dark condi-
tions preserved abundant unconverted a-MnO, nanowires on
the cathode surface (Figure 4g2), whereas illumination pro-
moted the formation of large hexagonal nanosheets (ZHS or
ZHS-5H,0 nanosheets)!?! on the cathode surface at the same
stage (Figure 4g7), indicating the photo-promoted discharge reac-
tion kinetics. Complete discharge to 100% SOC under dark con-
ditions left some undissolved a-MnO, nanowires (Figure 4g3)
on the cathode surface, while the cathode surface was found
almost completely covered by large hexagonal nanosheets un-
der light conditions (Figure 4g8). This suggests that the dis-
charge reaction is more complete under illumination. Subse-
quently, when charging to 50% SOC, a-MnO, nanowires reap-
peared more efficiently on the cathode surface under illumina-
tion compared to the dark conditions (Figure 4g4,4g9). At 100%
SOC, some crosslinked nanosheet-structured Zn-vernadites (1%
were observed on the a-MnO, nanowires under dark conditions
(Figure 4g5), while @-MnO, nanowires with clear edges were no-
ticed under light conditions (Figure 4g10). These morphological
observations demonstrate that the intercalation/deintercalation
reaction proceed more completely under illumination.

Meanwhile, the cross-sectional SEM images of the electrodes
discharged to 0.8 V under dark and light conditions (Figure S19,
Supporting Information) indicate that the SEI layers formed un-
der illumination were thicker than that in dark, attributable to
the formation of additional ZHS and ZHS-5H,0. These find-
ings are also consistent with the ex situ XPS results, where
the attenuated intensity variation of Mn-O-Mn peaks during

Figure 4. Time-resolved characterizations of the intermediate products in photo-assisted a-MnO, ZIBs. a,c) The GCD curves at 0.1 A g~! and the
corresponding 2D contours and 1D pattern of in situ XRD spectra of a-MnO, ZIBs under dark (a) and light conditions (c) in the first discharge (1st Dis.
red in 1D pattern), the first charge (1st C. blue in 1D pattern) and the second discharge (2nd Dis. purple in 1D pattern) process. b,d) The FT-IR spectra
of the electrodes discharged to a cutoff voltage of 0.8 V are obtained under dark, thermal, and light conditions. e) Trend plots of discharge products at
different state of charge (SOC). f) Gantt chart of different discharge products under dark and light conditions. g) Ex situ SEM images of the a-MnO,

cathodes at different SOC under dark and light conditions.
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discharge under illumination indicates enhanced intercalation
of H* kinetics. Based on these characterizations, we can con-
clude that photoenergy promotes the kinetics of Zn?*/H* co-
intercalation/deintercalation in a-MnO, ZIBs, especially facili-
tating the insertion of H*. It results in the formation of a large
number of ZHS and ZHS-5H, O as the “protective layers” to sup-
press the dissolution of a-MnO,.% As a result, the strength-
ened hydrogen bonding in @-MnO, weakens the Jahn-Teller dis-
tortion, leading to improved capacity and cycling performance in
the photo-assisted a-MnO, ZIBs.

To further investigate the underlying mechanism of the photo-
promoted Zn?*/H* co-intercalation in a-MnO, ZIBs, we per-
formed in situ FT-IR tests to observe the regulation of H-bonds
and solvation structure of Zn** in aqueous electrolyte (2 M
ZnSO, with 0.2 M MnSO,) under dark and light conditions (de-
tails in Figure S20, Supporting Information). Figure 5a,c present
the GCD profiles at 0.2 A g™! alongside the corresponding 2D
contours of in situ FT-IR patterns for a-MnO, ZIBs under dark
and light conditions, respectively, with detailed spectra at dif-
ferent SOCs shown in Figure 5b,d. Three characteristic vibra-
tional modes were observed under both conditions (dark and
light) located at 1095 cm™! (SO,% stretching), 1210 cm™" (Mn?*
coordination), and 2750-3750 cm™! (stretching vibration of O-
H).13! Besides, the original FT-IR spectra of 2 M ZnSO, and 2 M
ZnSO,+0.2 M MnSO, electrolytes are shown in Figure S21 (Sup-
porting Information). Compared with pure ZnSO, electrolyte,
ZnSO,+MnSO, electrolyte shows a characteristic peak at 1210
cm™!, which refers to Mn?*. The peak intensity of SO,2~ atten-
uated during discharge, which reveals the continuous consump-
tion of SO,%~ in ZHS formation. Conversely, the release of SO,2~
into the electrolyte during the charge process was reflected by the
gradual increase of corresponding peak intensity. Notably, under
illumination the SO,%~ peak intensity was continually enhanced
during the first discharge cycle, which should be attributed to
the thermal effect on the electrolyte caused by irradiation during
the in situ FT-IR test. To further verify our hypothesis, we con-
ducted in situ FT-IR tests of Zn | Zn symmetry batteries with 2 M
ZnSO,+0.2 M MnSO, electrolyte under illumination, as shown
in Figure S22 (Supporting Information). Here, the peak inten-
sity of SO,%~ remained unchanged after the discharge process in
1st cycle. Thus, it can be affirmed that the evaporation of elec-
trolyte gets saturation after the 1st discharge under light condi-
tions, and the result is independent of photothermal effect. Ad-
ditionally, the normalized intensity changes (A4;, i = SO,%~ or
Mn?*) of SO,%~ and Mn** under dark and light conditions were
calculated by Equation 3 to show the variation in ionic concentra-
tion (Figure 5e).

AA; = At,i - AO,i 3)

where A,; refers to the peak intensity of SO,*~ or Mn?* at differ-
ent SOC and A; refers to the peak intensity of SO,?~ or Mn**
during the 1st cycle of discharge.

The larger intensity variations of SO,*~ under illumination
(versus dark conditions) indicate the involvement of more SO,2~
ions in the formation of ZHS. This finding is consistent with
the results demonstrated by in situ XRD. Moreover, the intensity
of Mn?* remained unchanged under illumination throughout
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the cycles, while it was increased under dark conditions after
cycling. Since the extra Mn?* can only come from the cath-
odes, this clearly indicates that the dissolution of a-MnO, is sup-
pressed by the “protective layers” under light conditions. Also,
the digital images of dissembled cathode shells in Figure S23
(Supporting Information) directly show the formation of fewer
Mn?*-based products under light. In addition, the Mn?* peak
position exhibits a blue-shift under illumination (1280 cm™!)
compared to the dark conditions (1210 cm™). This shift is at-
tributed to the weakened solvation of Mn?* by H,0 and the
stronger electrostatic attraction between Mn?* and SO,?~ under
illumination.[3?) Additionally, the illumination induced a slight
red-shift in the O-H stretching vibration, which arises from
the strengthened H-bonding interactions (Figure 5f,g), These
stronger H-bonds drive water molecules to associate into larger
cluster structures, thereby reducing the frequency of O-H stretch-
ing vibrations. As a result, the desolvation of hydrated Zn**
ions, i.e. Zn(H,0),** becomes more favorable under illuminated
conditions.

To better characterize the illumination-induced changes in sol-
vation chemistry, particularly the dynamic structure of H-bonds
in the bulk electrolyte, we analyzed different types of O-H bonds
based on the proton donor (H atom as D)-acceptor (O atom
as A) mechanism at initial, fully discharged, and fully charged
states.[*12] Previous studies on the local H-bonds in ZnSO, elec-
trolyte have demonstrated that solute salts can induce diverse lo-
cal interactions between H,O and anions/cations, altering the
H,O solvation clusters to form both Zn%**-bound and Zn**-
free H,0 molecules (Figure S24, Supporting Information). As
shown in Figure 5e,f, there are mainly five types in the O-H
stretching vibration modes for Zn?*-free H,0: DAA, DDAA, DA,
DDA, and free-OH (ordered by increasing wavenumber). Among
these types, DAA and DDAA are considered as “strong hydrogen
bonds” (S-H), while DA, DDA, and free-OH refer to “weak hy-
drogen bonds” (W-H). Here, we statistically summarized the pro-
portion of S-H and W-H at different charge/discharge stages un-
der dark (Figure 5f) and light conditions (Figure 5g). Under dark
conditions, the proportion of S-H and W-H remains unchanged.
However, under illumination, the proportion of S-H gradually
increased from 55.64% to 62.31% during the charge/discharge
process, while the proportion of W-H decreased correspondingly.
In contrast, no obvious changes were observed in the proportion
of S-H under dark conditions (52.29% to 52.09%). This notable
increase in the proportion of S-H indicates that photoenergy ef-
fectively enhances the interaction of H,O, thereby reducing the
presence of free H,O molecules in the electrolyte and reducing
the number of bound H, O in the Zn?* solvated structure. Accord-
ing to the pioneering research on the relation between H-bonds
evolution and Zn?* solvation/desolvation, this stronger interac-
tion of H,O in the bulk electrolyte facilitates the replacement of
H, 0 molecules in the solvation shell of Zn?*, forming the typ-
ical [Zn-(H,0),(SO,),]*"* solvation structure. Furthermore, the
strengthened interaction between SO,?~ and Zn?* under illumi-
nation promotes Zn** desolvation in the bulk electrolyte, ulti-
mately enhancing the specific capacity.**! Additionally, from the
perspective of desolvation energy, the binding energy (AE) varia-
tion in different Zn(H,0),>* (x = 6 to 1) clusters is generally from
0.17 eV to 119 €V (A . = A,y 00 — AEy, 0 op-), which
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Figure 5. In situ FT-IR characterizations for dark and photo-assisted a-MnO, ZIBs. a,c) The GCD curves and corresponding 2D contours of in situ

FT-IR patterns under (a) dark and (c) light conditions, respectively. b,d) FT-IR spectra at different SOCs in the Tst cycle of charging and the 2nd cycle
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Figure 6. Mechanism and applications of a-MnO, based PRZIBs. a) The promoted effects of photoenergy on a-MnO, based photoelectrodes.
b) Reaction of photo-generated carriers in a-MnO, based PRZIBs during photocharge and discharge process. c¢) Schematic diagram of the fabrica-
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e) Digital graphs of the timer powered by a pair of a-MnO, based micro-PRZIBs. f) GCD curves of a-MnO, based micro-PRZIBs at 0.1 mA cm~2. g) The
it curves of pressure sensor powered by a single microdevice after photo-charge.

also can be fully overcome by the photoenergy of 1 sun (1.65
eVx3.1eV).34

To eliminate the influence of OH™ concentration changes on
O-H stretching vibration caused by ZHS formation, we con-
ducted in situ FT-IR measurements using Zn | Zn symmetric
batteries with identical electrolyte under illumination, which
yielded a similar result as shown in Figure S22 (Supporting Infor-
mation). Additionally, we note that potential electrolyte evapora-
tion due to the thermal effects may lead to variations in concen-
tration and consequently affect the O-H vibrations. To evaluate
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this concentration effect, we collected and analyzed the remain-
ing electrolyte after the in situ FT-IR test with Zn | Zn symmetric
batteries (Figure S25, Supporting Information). The proportion
of S-H in the symmetric batteries was 53.01%, significantly lower
than that under light conditions (62.37%). This demonstrates
that the thermal evaporation has minimal effect on O-H stretch-
ing vibrations in the electrolyte during illumination. Based on
these comprehensive analyses of H-bond dynamics, we conclude
that photoenergy directly enhances H,O molecule interactions
in the bulk electrolyte by reducing the proportion of free water
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content, thereby accelerating Zn?* desolvation kinetics during
discharge.

Based on the aforementioned in situ measurements and anal-
yses, the photocharging mechanism of a-MnO, based PRZ-
IBs can be summarized as Figure 6a,b. Overall, the photo-
promoted effects in @-MnO, based PRZIBs can be manifested
through three key aspects— (1) Inhibited Jahn-Teller Distortion: the
photo-promoted proton transfer and H* intercalation in «-MnO,
strengthen hydrogen bonding within the structure, thereby sta-
bilizing Mn-O bond stretching along the z-axis in the MnO, oc-
tahedra. (2) Suppressed Mn?* Dissolution: the rapid Zn?* /H™ co-
intercalation facilitates the conversion of intermediate products,
i.e. ZHS, ZHS-5H,0, ZMO, etc., which act as “protective layers”
to Mn?* dissolution. (3) Accelerated Zn?* Desolvation in the elec-
trolyte: the abundant photogenerated holes in a-MnO, during
discharge accelerates the reaction h* + Zn — MnO, — Zn** +
MnO,. This process enhances Zn?* desolvation in the electrolyte,
while directly overcomes the high desolvation energy barrier can
be by irradiation. In summary, the electrochemical reactions in
a-MnO, based PRZIBs can be summarized as follows.

Cathode : (Zn) MnO, —» e~ + h* 4)
MnO, + H" + ¢ & MnOOH (5)
4Zn** + SO + 60H™ + nH,0 < Zn,SO,(OH), - nH,0  (6)
MnO, + Zn** + 26~ < ZnMn,O, )
Anode : Zn —2e” < Zn** 8)

To advance the practical application of @-MnO,-based PRZIB
in wearable micro-devices, we fabricated interdigital «-MnO,-
based micro-PRZIBs. Figure 6¢,d schematically illustrates the
fabrication process along with a digital photograph of the com-
pleted micro-PRZIBs (see details in Methods). The device con-
sists of @-MnO, cathode and Zn anode adhered to a polyimide
strip and assembled into flexible interdigital micro-ZIBs. Impres-
sively, after being totally discharged, two digital micro-ZIBs can
power a timer solely through photocharging, without any requir-
ing external power supply (Figure 6e). Figure 6f presents the
GCD profiles of a single @-MnO, based micro-PRZIB, demon-
strating an area specific capacity of 0.1 mAh cm~2 at a current
density of 0.1 mA cm™2. Furthermore, as shown in Figure 6g, a
single a-MnO, based micro-PRZIBs can provide sufficient en-
ergy to operate a pressure sensor for continuously capturing
changes within 10 000 s after photocharging. These results high-
light the outstanding potential applications of a-MnO, based
micro-PRZIBs as miniaturized energy conversion-storage de-
vices for future wearable technologies, i.e., wearable electronic
devices and smart textiles.

3. Conclusions

In summary, this work reports a photo-rechargeable ZIB sys-
tem with high solar energy conversion efficiency based on the
photoactive a-MnO, cathodes. Significant research efforts, in-
cluding the in situ XRD and FT-IR studies, have been dedicated
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to reveal the underlying mechanism in photo-promoted electro-
chemical reactions for the first time. Compared to previous stud-
ies, this work systematically explains the advantages of intrinsic
light effects on PRZIBs. Thanks to the excellent visible light ab-
sorption and efficient electron/hole separation capability of pho-
toactive a-MnO, cathodes, which synergistically promoted the
Zn?* [H* co-intercalation and Zn?* desolvation processes at the
cathode-electrolyte interface. Consequently, the a-MnO, based
PRZIBs achieved excellent rate performance with high discharge
capacity (308.1 mAh g!), and the light conversion efficiency of
0.68%. Furthermore, practical applications of the a-MnO, based
interdigital micro-PRZIBs on timer and pressure sensor demon-
strated their promising future for self-powered wearable elec-
tronics. This study provides crucial insights into the mechanism
of aqueous PRZIBs and offers design principles for integrated
energy conversion-storage systems.
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the author.
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