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ABSTRACT: Mass-transport acceleration is essential toward enhanced electrocatalytic oH 10nm
performance yet rarely recognized under irradiation, because light is usually reported to

improve charge transfer. We studied laser-enhanced mass transport through the heterojunction
between Ag and semiconductor Fe,O; situated on graphene for oxygen reduction reaction.
Because of the decreased mass-transport resistance by 59% under 405 nm laser irradiation, the
current density can be enhanced by 180%, which is also supported by a theoretical calculation.
This laser-enhanced mass transport was attributed to local photothermal heating and the near-
field local enhancement. Easier desorption of OH™ species occurring between the Fe and Ag

centers under the laser accelerates the mass-transport centers.

ncreasing demands in renewable energy conversion require

more efficient electrocatalysts. Highly eflicient electro-
catalysis requires the reactions to improve not only the charge
transfer but also the mass transport of chemical species to and
from the active sites. Recent electrocatalyst development
focuses on overcoming the overpotential scaling relations and
charge-transfer processes,1 neglecting the role of mass
transport. Although high surface-area approaches are com-
monly used to increase the yield of a reaction, sufficient mass
transport is still required to achieve the goal of enhanced
reactivity.” Thus, improving mass transport in electrocatalysis
is important, yet design considerations are still lacking at
present.

Light to enhance performance has been extensively reported
in various types of electrocatalysis. In an oxygen reduction
reaction (ORR), noble metal electrocatalysts (Pt, Pd, Au, and
the alloys, etc.) have shown improved activities under white
light (continuous wavelength) through a hot electron
mechanism, as the result of surface plasmonic resonance.”"
A typical feature of the hot electron mechanism is decreasing
the ORR onset bias under light,” corresponding to improving
the charge transfer®” instead of the mass transport. In the
presence of other light-enhancement mechanisms,'’™"* there
might be an overlooked possibility to accelerate mass transport
by utilizing light to improve ORR electrocatalytic performance.

Harnessing the combination of light excitation between
plasmonic metal and semiconductor could induce polarization
to generate gradient differences. Because the heterojunction
interface is the electrocatalytic active sites,'">~"° simultaneous
surface plasmon and band gap excitation under light may
elevate the ORR reactivity via accelerated mass transport.
Although light-enhanced metal—semiconductor electrocata-
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lysts have been present, many highlighted the plasmonic
properties over the possible contributions of semiconductor
excitations.'*™"* To investigate the origins and degrees of
gradient differences, single-wavelength irradiation at the
heterojunction becomes advantageous to prevent multiple,
unrecognized excitations, thereby facilitating the identification
of the possible wavelength-dependent features and/or other
activity-contributing factors. With this, the dual excitation with
a monochromatic laser at the interfaces is therefore a suitable
strategy to study such mass-transport characteristic behaviors.

In this work, we reported a new phenomenon of laser-
enhanced mass transport (LEMT) in ORR with a Ag/Fe,0,
heterojunction supported on N-doped graphene (Ag/FNG).
Under static conditions, the 405 nm laser irradiation results in
a significant decrease of mass transport resistance (R,) by
59% and a 180% increase of current density, while the charge-
transfer resistance remains nearly identical. Electrochemical
impedance spectroscopy (EIS) results confirm LEMT acting
equivalent to electrode rotation. These unique behaviors
cannot be completely explained by the widely recognized
charge-transfer effect in the literature. Our studies discover a
tandem mechanism of near-field enhancement and photo-
thermal effect that both significantly accelerate mass transport.
The transition from octahedral (FeOg) to tetrahedral (FeO,)
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species, when pairing up with Ag under a laser, enables the
more rapid OH™ desorption to accelerate mass transport than
the dark conditions. This work reveals the possibility of
achieving a remote, site-specific irradiation to elevate local
ORR performance.

The synthesis of Ag/FNG was afforded by a two-step
process (Figure la).14 Iron(II) acetate was introduced to
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Figure 1. Synthesis of silver—iron oxide heterojunction on N-doped
graphene oxide (Ag/FNG). (a) Scheme showing the sequential, two-
step addition necessary to establish a Ag/Fe,0; heterojunction in Ag/
FNG. (b) XRD patterns of Ag/FNG showing peaks corresponding to
metallic Ag (blue indices) and hematite Fe,O; (red indices). (c) TEM
images of Ag/FNG.

graphene oxide (GO) through refluxing under dimethylforma-
mide to perform iron-assisted N-doping on graphene and
eventual hybridization with hematite Fe,O; upon a subsequent
solvothermal treatment.'” To effectively create the Ag/Fe,O,
heterojunction, silver nitrate (AgNO;) was added on the reflux
product before being subjected to a solvothermal treatment.
The resulting Ag/FNG was identified to form both metallic
silver and hematite Fe,O; according to the X-ray diffraction
(XRD) data (Figure 1b), with the graphene contents of 22.5
wt % according to the thermogravimetric analysis (TGA)
results (Figure S1). The TEM images (Figure 1c) show two
contrasting particles overlapping over the graphene sheets. The

microstructural characterization on Ag/FNG shows the
successful creation of a heterojunction interface between
metallic Ag and Fe,O; (Figure S2). The specific two-step
synthesis is necessary to produce the heterojunction, according
to the control experiments (see the Supporting Information,
Figures S3—S5). The reflux step enables the decoration of the
iron oxide particles (as Fe(OH);) on the graphene, where the
exposed Fe—OH moiety becomes a preferential site for the
deposition of Ag during the subsequent hydrothermal step,
instead of the simultaneous growth of Ag and Fe,Oj; via a one-
pot synthesis (see the Supporting Information, Figure S4).

Intrinsic electrochemical properties under dark and laser
conditions were measured first using cyclic voltammetry (CV)
under static conditions (Figure 2a). Under O,-purged
conditions, Ag/FNG shows typical CV curves with hyste-
resis-loop characteristics and current peak at 0.7 V, where
maximized oxygen reduction occurs. By applying 405 nm laser
irradiation, both the hysteresis-loop and current peaks
disappear, while a nearly reversible sweep of scan directions
with a distinct sigmoidal curve shape matches the character-
istics of a rotating electrode with a high mass transport. These
results suggest laser irradiation on Ag/FNG could create a
strong mass transport even in a completely static system. The
accelerated mass transport in Ag/FNG is distinct as compared
to all the control samples without the heterojunction (Figure
S6).

We further conducted EIS to study mass-transport behaviors
under dark and laser conditions.””*" Under dark conditions at
0.66 V, we applied rotation on Ag/FNG at 1600 rpm as the
commonly adopted speed to remove mass-transport limitations
toward a full evaluation of catalytic performance.”™'*'>"” The
generated Nyquist plots (Figure 2b, rotation conditions) show
a significant decrease (91%) of the total resistance with
rotation (733.7 Q, based on a fitting using Figure S7)
compared to that without rotation (Figure 2b, static
conditions) in the labeled region of low-frequency impe-
dance,”*** confirming that this labeled region is responsible for
mass-transport change (i.e., lowering of R.,.). Meanwhile, the
points corresponding to charge-transfer resistance (R,,) remain
nearly identical (Figure 2c). Under laser conditions, the
associated R, was decreased by 59% under static conditions
(3350 Q) and is further lowered to 94% (521.0 Q) under
rotation, without any significant changes in R.

In addition, the ORR polarization curves under laser (Figure
S8) show an increase of current density in the plateau curve
region, similar to the scenarios with increased rotation speeds
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Figure 2. Laser-enhanced mass transport in Ag/FNG. (a) CV showing the effects of 405 nm laser in ORR conditions under O, saturation. (b) EIS
Nyquist plots measured under dark/laser and static (0 rpm)/rotation (1600 rpm) conditions at ORR potential (0.66 V). (c) High-frequency region
of (b) showing the solution resistance (R;) and the charge-transfer resistance (R,) to be almost equivalent in all measurements. All measurements
were done using a rotating disc electrode under O,-saturated 0.1 M KOH.
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Figure 3. Measurements on finding causes of LEMT. (a) Photothermal measurements of catalysts under 400 mW, 405 nm laser (normalized using
deionized water as the negative control). (b) CV curves of Ag/FNG under bulk heating with an increase of 13 °C (25—38 °C), in comparison with
dark, ambient conditions, and laser conditions. Current density increase under bulk heat is 44% lower than LEMT. (c) UV—Vis absorption spectra
of Ag/FNG compared to Ag nanoparticles and hematite Fe,O;. The light blue band represents the wavelength of the laser used (4 = 405 nm). (d)
The percentage of the double-layer capacitance (C;) added on Ag/FNG, FNG, and AgNG under laser. (e) Resulting theoretical electric-field map
of the interaction between the spherical 15 nm Ag particle (black) and the 75 nm Fe,O; particle (white-outlined region to the right of Ag) at 400
mW, 40S nm laser, where (i) a S nm overlap and (b) a 1 nm gap was introduced representing heterojunction and heterojunction-free cases,
respectively. The orange arrow represents the presence of enhancement at the heterojunction interface. (f) Static CV curves of Ag/FNG under 405
nm laser (blue) and 658 nm laser (red) at the same laser power (200 mW). All CV measurements were done under O,-saturated 0.1 M KOH.

(Figure S9). The insignificant changes of the onset potentials
and R,> together suggest that the laser irradiation mainly
contributes to the mass transport, rather than charge transfer.
Thus, laser irradiation acts similar to rotation, which
accelerates mass transport.

To study the origin of LEMT at the heterojunction, a series
of possible reasons has been proposed, including hot electron,
light scattering, photothermal effect, local electromagnetic field
enhancement, and dipole—dipole resonance energy transfer.”*
The supposed occurrence of hot electron injection at the
heterojunction (from surface plasmonic Ag to semiconductor
Fe,0,),”"” is unlikely due to the relatively small change
among the R, (Figure 2¢).6 Concerning light scattering, the
particle sizes of Ag in Ag/FNG (averaged at ~17 nm) are
smaller than the typical criteria of 50 nm diameter, so the
interaction with the laser favors the absorption mechanism
(Figure SIO).M’25

In terms of the photothermal effect (see the experimental
setup in the Supporting Information, Figure S11), Ag/FNG
can elevate local temperatures by 9.7 °C under laser (Figure
3a), while these of the Ag-free (FNG) and Fe,O;-free (AgNG)
samples are 6.2 and 2.7 °C, respectively. Also, the temperature
elevation of graphene-free Ag (1.1 °C) and Fe,O; (4.0 °C) are
lower than those of AgNG and FNG, respectively, showing the
heat-generating contribution of graphene, which probably
stems from the nonradiative relaxation of the energy
transferred by the laser-absorbing components.”® The Ag—
Fe,0; heterojunction, in conjunction with graphene, clearly
results in the highest local temperature and, thus, yields the
highest mass transport. These results also imply that the
combination of plasmonic heating, represented by AgNG, and
band gap excitation, represented by FNG, is more effective in

4202

accelerating mass transport, rather than just the individual
modes.

We also compared the difference between local heat by laser
and bulk heat on mass transport evaluated by CV. As shown in
Figure 3b, a temperature increase of 13 °C by bulk heating
shows a weaker mass transport than the laser condition, which
only has a 9.7 °C increase. The local, selective heating by laser
is therefore a more convenient way to accelerate mass
transport than bulk heating on the entire reactor to increase
convection. Yet, these data may also suggest other causes, in
addition to local photothermal heating effects, are being
involved in the LEMT. We further investigated the effect of
local electromagnetic field enhancement at the heterojunction,
including near-field enhancement and resonance energy
transfer. On the one hand, because resonant energy transfer
is characterized as an upconversion excitation,”” this
mechanism is unlikely to occur, since the absorption
wavelength of the Ag surface plasmon and the Fe,O; band
gap is nearly identical (Figure 3c). On the other hand, a near-
field enhancement usually requires nearby heterojunction sites
to stimulate charge separation under light energy,w’24 which
may refer to an increase of double-layer capacitance (Cy) in
electrochemical systems (see the Supporting Information,
Figure $12).*® As shown in Figure 3d, the laser irradiation on
Ag/FNG raised the Cy by 19.2%, higher than FNG (3.3%) and
AgNG (9.7%). These results show that the heterojunction
under laser is active toward near-field enhancement. Because of
the difficulty of a direct experimental investigation on the
heterojunction sites, we further did a theoretical case
study.'”* (For details, see the Supporting Information, Figure
S13.) The presence of a heterojunction by overlapping Ag and
Fe,0; in the constructed model (Figure 3e-i) leads toward an
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Figure 4. Operando Raman spectra under ORR conditions using O,-saturated KOH in the (a) absence and (b) presence of a 405 nm laser. At a
certain potential, the left graph shows the corresponding current density with an error of +0.0047 mA/cm? (less than 0.5% error in average), while
the right shows the associated Raman spectra. All spectra use a 532 nm laser as the Raman light source. All peaks are normalized with the internal
standard signal of a graphene D band (Figure S18), whose intensity does not significantly vary during the analysis. On the one hand, the purple
signals (307, 432, 372, and 528 cm™) in (a) correspond to Fe™—0 octahedra (FeOg) in FeOOH, which contains OH™ ligand. On the other hand,
the blue signals (350 and 500 cm™) in (b) correspond to FeOy in hydroxide-free maghemite Fe,O.

enhancement of electric fields up to 3$ times higher than the
heterojunction-free case (Figure 3e-ii). Hence, the near-field
enhancement at the heterojunction of Ag/Fe,O; was
confirmed.

To verify the absorption mechanism is involved in the
LEMT, rather than the high-power laser heating up, we
changed the laser irradiation wavelength from 405 to 658 nm
(Figure 3f). The resulting CV curves are similar to those under
dark conditions with no significant mass transport acceleration
effect, as compared to that under 405 nm, which is also verified
by the results of EIS plots (Figure S14). Since the heating
effect by high-powered lasers is not the major origin of mass-
transport acceleration, the wavelength-specific absorption at
the heterojunction is required to activate LEMT.

Under the same Ag/FNG absorption wavelength, we also
measured the LEMT depending on the laser intensity (Figure
S15). The resulting CV curves show that the observed plateau
curves can be maintained even in small intensities (30 mW),
indicating laser absorption, regardless of power, is key toward
LEMT. Meanwhile, the current densities of the plateau curves
are shown to be directly proportional to the laser intensity with
a similar behavior to the effect of rotation speeds (Figure S9).
Such dependence of LEMT toward laser intensity enables an
intensity-driven control of the mass-transport acceleration,
even by just irradiating a selected area.

We attempted to explore the microscopic mechanism of
LEMT at the heterojunction through operando Raman
spectroscopy under ORR (see the Supporting Information
for the setup, Figure S16). At 0.86 V, the Raman data under
both dark (Figure 4a) and laser (Figure 4b) conditions show
the octahedral Fe—O signals corresponding to hematite
Fe,0; (red at 298, 414, and 498 cm™1).>**' By conductin
ORR tests, tetrahedral Fe'—O signals (green at 691 cm™!)3%?
have appeared, where the trends of the intensity evolution (at
0.76—0.16 V) correspond well to that of the current density,
with the peak current and Raman intensity at 0.66 V. These
pieces of information suggest Fe'—O tetrahedra (FeO,) as the
active sites responsible for ORR. Under the laser conditions,
similar trends of correlation between current density and
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presence of tetrahedral Fe"'—O are shown, yet no OH™ basis

species can be detected (see blue parts in Figure 4b identified
as maghemite Fe,0;),’’ opposite to the formation of
hydroxide-rich FeOOH®" under dark (purple parts in Figure
4a). Although the formation of FeOOH from Fe,O; under
dark ORR conditions has been observed previously,” the
transformation of hematite to maghemite Fe,O; might be the
first to be reported on a light-enhanced catalysis. Since OH™ is
the main product of ORR electrocatalysis, the selective
formation of FeOOH supports an accumulation of hydroxide
under dark; hence, the maghemite Fe,O; formation can be
recognized as the absence of hydroxide under light. Thus, the
rapid removal/circulation of hydroxide ions from the electro-
catalyst surface to the electrolyte indicates LEMT in the
heterojunction.

The operando Raman results also show the presence of
superoxide (O,”) detected at ~1000 cm™ (cyan) in Figure
§17.**7%° By adding a radical scavenger (p-benzoquinone), a
decreased ORR current confirms the presence of Fe—O,~
superoxide moieties observed in the Raman results (Figure
$19).”” The presence of peroxide (O,>”) was also identified at
~830 cm™! (yellow).”**®*” In addition, we observed the
negligible changes of peroxide signals in the Raman between
dark and laser conditions (Figure S17). Since the charge-
transfer pathway should decrease the peroxide quantity,” our
data reveal the dominant role of the mass-transport route to
the charge-transfer pathway.

The band at ~900 cm™' can be attributed to Ag—OH
species (magenta).’**>*" Since the results verify the reaction
occurs at the heterojunction, we presume that the bound O,*~
should bridge between Ag and Fe and then undergo O—O
cleavage, yielding two M—OH bonds as Fe—OH (bond energy
407.0 = 1.0 kJ/mol) and Ag—OH (bond energy 221 + 21 kJ/
mol).” Such a combination is weaker in the total bond energy
than two Fe—OH bonds from a pure Fe—O in FNG. However,
pure Ag (e.g., only Ag—OH) has a negative impact due to weak
oxygen adsorption energy.

All the structural transformations (Figure 4) and adsorbed
species (Figure S17) are summarized in Scheme 1 to highlight

https://doi.org/10.1021/acs.jpclett.2c00709
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Scheme 1. Proposed ORR Mechanisms under Dark and
Laser-Enhanced Mass Transport (LEMT) on Ag/FNG“
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“The ORR reaction step starts with the conversion of FeOg sites to
FeO, (Step 1) at the ORR onset. The O, molecule adsorbed on the
FeO, sites alongside Ag proceeds to the formation of superoxide-
adsorbed complex (Step 2), followed by reduction to peroxide (Step
3) and hydroxide (Step 4) forming Ag—OH and Fe—OH. The dark
condition route (Step 5) shows the formation of FeOOH due to the
accumulation of adsorbed OH™, taking multiple steps (Steps 6 and 7)
to regenerate FeO,. Meanwhile, laser conditions speed up the
desorption of hydroxides to regenerate FeO, (Step 8) due to LEMT.

the LEMT-activated pathway. Since laser irradiation hastens
the desorption of OH™ at the Ag/FeO, heterojunction, this
connects to the critical stage of breaking Fe—OH and Ag—OH
bonds stimulated by the photothermal effect and near-field
enhancement (Scheme 1, Step 8). The photothermal effect
should generate local heat to assist hydroxyl bond dissociation.
The near-field enhancement polarizes into a negatively charged
surface to weaken M—OH bonds and, thus, facilitates the bond
dissociation. These two effects should regenerate the active
sites of FeO, from the FeOy faster than dark conditions, which
can be recognized as the additional aspects to understand
LEMT.

As indicated above, there are some important unanswered
questions regarding the action mechanism of this new ORR
catalytic system, such as the quantitative description of laser on
the heterojunction, the degrees of charge-transfer contribution
to the overall performance, and the influence of laser
irradiation on the Gibbs energies of the adsorbed species. An
electrokinetic analysis™’ in the absence and presence of a laser
could help in determining the enhancement contributions of
electronic (charge-transfer-dependent) or concentration
(mass-transport-dependent) with regard to the rate-determin-
ing step. In situ or operando techniques** together with
synchrotron radiation are helpful to explore the changes in the
electronic environment (i.e., oxidation states) by heteroatomic
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interactions*® under laser and ORR potential. Undoubtedly,
these questions deserve a systematic investigation because they
are of great interest to both theoreticians and experimentalists
in the field of catalysis to have a more comprehensive
understanding of this novel system and to elucidate insights for
developing more powerful catalysts.

In this study, we identified that the heterojunction of Ag-
iron oxide supported by graphene specifically accelerates mass
transport under laser excitation. Both the near-field enhance-
ment and photothermal effects together contribute to LEMT.
This new insight would be a useful alternative to understand
photon-energy enhanced electrocatalysis. With the suitable
heterojunction design, LEMT may become a noncontact,
remote-triggering, and high-precision alternative enabling new
reaction kinetic studies or device applications that incorporate
bulk heating, and matrix turbulence becomes impossible.
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