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ABSTRACT: Proton-coupled electron transfer (PCET) reactions at various
interfaces (liquid/membrane, solid/electrolyte, liquid/liquid) lie at the heart of
many processes in biology and chemistry. Mechanistic study can provide
profound understanding of PCET and rational design of new systems.
However, most mechanisms of PCET reactions at a liquid/liquid interface have
been proposed based on electrochemical and spectroscopic data, which lack
direct evidence for possible intermediates. Moreover, a liquid/liquid interface as
one type of soft interface is dynamic, making the investigation of interfacial
reactions very challenging. Herein a novel electrochemistry method coupled to
mass spectrometry (EC-MS) was introduced for in situ study of the oxygen
reduction reaction (ORR) by ferrocene (Fc) under catalysis from cobalt
tetraphenylporphine (CoTPP) at liquid/liquid interfaces. The key units are two
types of gel hybrid ultramicroelectrodes (agar-gel/organic hybrid ultra-
microelectrodes and water/PVC-gel hybrid ultramicroelectrodes), which were made based on dual micro- or nanopipettes.
A solidified liquid/liquid interface can be formed at the tip of these pipettes, and it serves as both an electrochemical cell and a
nanospray emitter for mass spectrometry. We demonstrated that the solidified L/L interfaces were very similar to typical L/L
interfaces. Key CoTPP intermediates of the ORR at the liquid/liquid interfaces were identified for the first time, and the four-
electron oxygen reduction pathway predominated, which provides valuable insights into the mechanism of the ORR.
Theoretical simulation has further supported the possibility of formation of intermediates. This type of platform is promising for
in situ tracking and identifying intermediates to study complicated reactions at liquid/liquid interfaces or other soft interfaces.

■ INTRODUCTION

Proton-coupled electron transfer (PCET) reactions are one of
the most fundamental processes in biology and chemistry.1−3

The reactions are closely related to many important processes,
such as photosynthesis,4,5 respiration,6,7 energy conversion,
and storage.8−16 Several of these processes are major
challenges in sustainable chemistry, for example splitting
water with high efficiency. A liquid/liquid (L/L) interface,
where charge (electron and ion) transfer reactions can occur,17

has drawn considerable attention in the past few decades.18−20

This is because of its biomimetic features to function as a
simple model of biological membranes,21−23 and various
applications in chemistry, including chemical sensors,24

phase-transfer catalysis,25 ion extraction,26 and drug re-
lease.27,28 In addition, the L/L interfaces are rather suitable
to study PCET reactions with a proton source in the aqueous
phase and lipophilic electron donors in the organic phase.
Therefore, an in-depth understanding of the PCET reactions at
L/L interfaces is urgently needed. Plenty of electrochemical
techniques, such as cyclic voltammetry,29,30 rotating disk
electrodes,31 and impedance,32 have been employed to
decipher the performance of the PCET reactions at an L/L

interface. Additionally, spectroscopic techniques have also
been used to deal with spectral changes during PCET
reactions.33 Despite the existence of these tools, a direct
method for identification of the intermediates in the PCET
reactions is still lacking, which is essential to explain the
mechanism of a PCET reaction. Compared with these
aforementioned approaches, mass spectrometry possesses
high sensitivity and chemical specificity toward electrochemical
intermediates or products. Electrochemistry coupling to MS
(EC-MS) has attracted increasing attention in recent years,
because it can provide the molecular weight and structural
discrimination about products and intermediates in the EC
reactions and systems.34 Thus, the combination of them could
produce a powerful technique for the study of complicated EC
or interfacial reactions.
The combination of EC with mass spectrometry (MS) was

first introduced by Bruckenstein et al. in 1971.35 So far, it has
been rapidly developed in intermediates detection and
mechanism study toward EC reactions. Chen and Zare et al.
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have recently developed a wheel electrode, coupling to DESI-
MS to identity diimines and N,N-dimethylaniline radical
intermediates of EC reactions.36,37 Luo and Shao et al. have
employed a carbon hybrid ultramicroelectrode as the micro-
electrochemical cell and an MS emitter to capture the
intermediates for further illuminating the mechanisms of the
electrochemiluminescent processes and other EC reactions.38

MS is not only a powerful tool for studying reactions at a
solid/electrolyte interface but also useful for systems at an L/L
interface. Using biphasic electrospray ionization mass spec-
trometry, metal ion complexes at the L/L interfaces were
detected by Girault et al.39 and Stockmann et al.40 Besides, ex
situ EC-MS was implemented to characterize the tertiary
structure of electroadsorbed lysozyme at soft interfaces.41 Liu
et al. utilized microchips as electrochemical cells to study L/L
interfaces by MS, but they could only monitor the mixtures of
both phases.42 Up to now, however, it is still very challenging
for in situ study of interfacial reactions at L/L interfaces by
EC-MS. First, for the relatively long distance between the
existing electrochemical cells and mass spectrometer inlet, the
products or intermediates generated at the L/L interfaces
could not be delivered to the mass spectrometer immediately,
making the detection of short-lived analytes difficult. Second,
owing to the dynamic nature of the L/L interfaces, monitoring
only the EC reactions at L/L interfaces becomes very difficult,
e.g., the two phases would emit into the mass spectrometer
together and detection in the mass spectrometer is the mixture
of both phases. Thus, it is very difficult to identify the
intermediates produced only in the interfacial reactions using
the existing setups.
In this work, we developed an EC-MS technique based on

dual micropipettes, which could be used to investigate the
interfacial reactions at an L/L interface (Scheme 1). In this
setup, one channel was solidified as an agar-gel or a PVC-gel
microelectrode, and the other could be filled with organic or
aqueous phases. Thus, agar-gel/organic (O) interfaces and
water (W)/PVC-gel interfaces were formed at the tip of the
dual microelectrodes, which were analogous to micro/nano-
W/O interfaces. The Ag/AgCl electrode and Ag/AgTPBF5
electrode were inserted into the aqueous or agar-gel barrel and
organic or PVC-gel barrel, respectively. With a suitable
potential applied, the gel hybrid ultramicroelectrode served
as an electrochemical cell where the electrochemical reaction
could take place. By triggering the piezoelectric pistol, which
could apply a pulsed voltage at the back of the microcell,
primary ion flow was generated to induce the solution of
products and intermediates at the interfacial layer spraying into
the mass spectrometer to be analyzed.43 This piezoelectric
pistol has negligible influence on the EC system because they
do not touch each other (see Scheme 1). During the whole
process, the agar-gel/O or W/PVC-gel interfaces were stable
enough because of the gel property of agar for the aqueous
phase or the PVC for the organic phase, making one phase
fairly fixed, and only the substances (reactants, intermediates,
or products) at the interfacial layer could enter the mass
spectrometer. The distance between the electrode surface and
the mass spectrometer inlet was quite short (ca. 2 mm), which
reduced the delay time between electrochemical reaction and
detection, making the determination of highly reactive
intermediates possible.
Using this novel EC-MS technique, the mechanism of

molecular electrocatalysis for the oxygen reduction reaction
(ORR) proceeding via PCET processes at the agar-gel/O or

PVC-gel/W interfaces was studied to confirm the proposed
mechanism as shown in Scheme 1 (only the four-electron
pathway is shown).44 This oxygen reduction involved protons
in the aqueous phase or pseudoaqueous phase and electron
donor ferrocene (Fc) in the organic phase in the presence of
cobalt tetraphenylporphine (CoTPP) as the ORR molecular
catalyst. Here the transfer of protons, electron, and Fc+ during
the ORR occurring at the L/L interfaces were recorded by
cyclic voltammetry, and the results elucidated that the
solidified L/L interfaces were very similar to the conventional
L/L interfaces. Using the EC-MS technique, the key
intermediates (Co−O2)TPP and (Co−OH)TPP produced at
the L/L interface were in situ studied for the first time, in
contrast to the detection of two-phase mixtures. Theoretical
simulation was performed to further confirm the possibility of
formation of the (Co−O2)TPP and (Co−OH)TPP inter-
mediates. Combining the macro-biphasic reactions with
spectroscopy, during which the interfacial polarization was
controlled by the partition of the common ion without external
voltage, the main four-electron oxygen reduction pathway was
proposed.

■ EXPERIMENTAL SECTION
Chemicals. Ferrocene (Fc, 98%), lithium chloride (LiCl, >97%),

potassium chloride (KCl, >99.5%), sulfuric acid (H2SO4, 98%), and
1,2-dichloroethane (DCE, ≥99%) were purchased from Beijing
Chemical Company. 5,10,15,20-meso-Tetraphenylporphyrin cobalt
(CoTPP, 98%) was supplied by Tokyo Chemical Industry. Agar
(ash <1.5%), polyvinyl chloride (PVC, K-value 72−71), sodium
iodide (NaI, >99.5%), and trifluoroacetic acid (TFA, 99.9%) were
supplied by Macklin. Tetramethylammonium chloride (TMACl,
≥99.0%), lithium tetra(pentafluorophenyl)borate (LiTPBF5), and
potassium tetrakis(4-chlorophenyl)borate (KTPBCl, ≥98%) were
purchased from Fluka. Dibenzo-18-crown-6 (DB18C6, >98%) was

Scheme 1. (a) Experimental Setup.a (b) Proposed
Mechanism of ORR Consisting of H+ in Agar-Gel and Fc in
Organic Phase Catalyzed by CoTPP, in Which the Proton
Transfer (PT) and Electron Transfer (ET) Are Coupled at
the L/L Interface

aThe gel hybrid ultramicroelectrode functioned as the micro-EC cell/
nanospray emitter (only the agar-gel/O hybrid ultramicroelectrode is
shown). A piezoelectric pistol was applied to induce spray from the
micropipettes with ∼1.5 μm diameter tip, making the solution at the
L/L interface spray into the mass spectrometer.
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purchased from Alfa Aesar. Trimethylchlorosilane (TMSCl, ≥99.0%),
tetraethylammonium chloride (TEACl, 98%), and tetrabutylammo-
nium iodide (TBAI, 99%) were obtained from Sinopharm Chemical
Reagent Company. Bis(triphenylphosphoranylidene)ammonium
chloride (BTPPACl, 98.0%) was purchased from Sigma-Aldrich. All
these reagents were used as received without purification. Bis-
(triphenylphosphoranylidene)ammonium tetrakis(pentafluoro-
phenyl)borate (BTPPATPBF5), bis(triphenylphosphoranylidene)-
ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl), and
tetraethylammonium tetrakis(4-chlorophenyl)borate (TEATPBCl)
were prepared as described previously.45,46 DCE was distilled before
use. All aqueous solutions were prepared with ultrapure water (18.2
MΩ cm).
Fabrication of Agar-Gel Hybrid Ultramicroelectrodes Based

on Dual Pipettes. Dual-barrel micropipettes were made from
borosilicate glass capillaries (o.d., 1.5 mm, length, 10 cm, Sutter
Instrument Co., Novato, CA) based on a P-2000 CO2-laser-based
puller (Sutter Instrument Co.). The pulling program was set as
follows: HEAT 550, FIL 4, VEL 30, DEL 135, PULL 20. The dual-
barrel micropipettes were examined with an optical microscope
(Olympus BX-51, Olympus Co., Japan) to obtain the shape of the tip.
To make the outer surface lipophilic, the outer wall and the thin band
of the dual-barrel micropipettes were silanized.47 The tip of the
micropipette was put in the vapor of the silanization agent TMSCl
solution for 3−5 min, while the argon passed through from the back
of the barrels to prevent silanization of the inner walls. Finally, the
micropipette was taken out from the vapor and kept in the argon for
another 1 min to evaporate residual TMSCl.
Agar-gel microelectrodes were fabricated using the method

reported previously, and the amount of agar was a consideration of
gelation time.48 The aqueous solutions were added with agar (2%, w/
w) and then heated to about 100 °C until the agar dissolved and the
gel became transparent. The hot gel solution was backfilled into one
channel of the micropipettes using a small syringe. After cooling to
room temperature (22 ± 2 °C), the micropipettes were examined
with the optical microscope to ensure that no air bubbles were inside
the micropipettes. The radius of the agar-gel microelectrodes was
evaluated by the environmental scanning electron microscope
(ESEM) and the steady-state voltammograms (Figure 1). Then
another channel of the silanized micropipettes was injected with an
organic phase, covering the outer surface and making good contact
with the gel phase. The details to fabricate water/PVC-gel
ultramicroelectrodes are shown in Supporting Information (SI).
Apparatus and Electrochemical Cells. Cyclic voltammetry was

performed using a workstation equipped with a bipotentiastat (CHI
760E, Shanghai Chenhua Instruments, Co., China). Mass spectrom-
etry experiments were conducted on an Agilent 6300 Series Ion Trap
mass spectrometer (Agilent Technologies, Inc., Santa Clara, CA) in a
positive ionization mode. Tandem MS spectra were recorded by
collision-induced dissociation (CID) in the ion trap. Data were

collected with the following parameters: −500 V end plate offset, 5.0
L/min dry gas, 100 °C dry temperature. A commercial potentiostat
(MS-305D, Dongguan Maihao, Ltd., China) was applied as an
electrochemical device coupled to mass spectrometry to control the
potential of the gel hybrid ultramicroelectrodes. Pulse ionization was
achieved with a piezoelectric pistol (Milty Zerostat 3, Goldring, Co.,
UK). UV absorption spectrometry was recorded with a Hitachi U-
4100 spectrophotometer (Hitachi Co., Japan, the quartz cuvette with
a path length of 10 mm). An environmental scanning electron
microscope (Quanta FEG 250, FEI Co., Hillsboro, OR) was
employed to examine the manufactured gel hybrid ultramicroelectr-
odes, permitting the evaluation of the agar hydrogel electrode without
damaging the morphology under low vacuum.

The cells employed in this work are shown in the following:
Cell 1: Ag|AgCl|2% agar + 10 mM LiCl + pH 2.0 (H2SO4)||5 mM

BTPPATPBF5 + x mM Fc + y μM CoTPP in DCE|AgTPBF5|Ag.
Cell 2: Ag|AgCl|2% agar + 10 mM LiCl + pH 2.0−4.0 (H2SO4),

pH 6.8 (without H2SO4)||5 mM BTPPATPBF5 + 5 mM Fc + 50 μM
CoTPP in DCE|AgTPBF5|Ag.

Cell 3: Ag|AgCl|10 mM LiCl + pH 1.0−3.0 (H2SO4), pH 6.8
(without H2SO4)||10% PVC + 5 mM BTPPATPBF5 + 5 mM Fc + 50
μM CoTPP|AgTPBF5|Ag.

Cell 4: Ag|AgCl|2% agar + 10 mM LiCl + 10 mM TMACl||50 μM
BTPPATPBF5 in DCE|AgTPBF5|Ag.

Cell 5: Ag| AgCl|2% agar + 10 mM LiCl + pH 2.0 (H2SO4)||50 μM
BTPPATPBF5 + 5 mM Fc + 0.5 mM CoTPP in DCE|AgTPBF5|Ag.

Cell 6: Ag|AgCl|10 mM LiCl + pH 2.0 (H2SO4)||10% PVC + 5 mM
BTPPATPBF5 + 5 mM Fc + 0.5 mM CoTPP|AgTPBF5|Ag.

■ RESULTS AND DISCUSSION

Characterization of the Gel Hybrid Ultramicroelectr-
odes and ORR Performance at the Agar-Gel/DCE
Interfaces. In our previous investigation, we developed a
novel EC-MS technique of hybrid microelectrodes based on
dual glass micropipettes (one channel is a carbon micro/
nanoelectrode and the other is an empty micro/nano-
channel).38 Combined with a potentisostat, a piezoelectric
pistol as pulse ion source, and a mass spectrometer as the
detector, the reactions at the carbon/electrolyte interface could
be easily studied (similar to the Scheme 1a). In the
investigation of a liquid/liquid interface, when the tip of the
dual micropipette was silanized and one channel was filled with
organic phase and another with aqueous phase, the L/L
interface could be formed at the tip of the pipet. Nevertheless,
the EC-MS study of oxygen reduction by existence of Fc with
CoTPP as the molecular catalyst could only observe the
mixture of reactants in both phases and could not obtain the

Figure 1. (a) ESEM image of the agar-gel ultramicroelectrode with the agar-gel electrode on the top and pipet underneath. (b) Cyclic
voltammogram of the agar-gel ultramicroelectrode with cell S1. Scan rate: 0.02 V s−1.
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intermediates (results not shown here). That is because both
phases could be sprayed out by triggering the piezoelectric
pistol. To study the interfacial reactions at an L/L interface, we
have fabricated two types of new hybrid ultramicroelectrodes:
one is a channel filled with agar-gel and the other with organic
phases; another hybrid ultramicroelectrode is one channel
filled with PVC-gel and the other with aqueous phases. Their
characterizations are summarized in SI.
The agar-gel ultramicroelectrodes were characterized by

both ESEM and voltammetry of facilitated ion transfer of K+

by DB18C6 (details shown in S1 of SI). The ESEM image in
Figure 1a clearly shows that the agar-gel was filled to the tip of
one channel and the other channel was empty. The radius of
the ultramicroelectrode was ca. 700 nm. As seen from Figure
1b, the radius of the empty channel was ca. 710 nm, which was
consistent with that obtained by the ESEM image.
The EC study of the ORR by Fc with CoTPP as the

molecular catalyst was carried out at the agar-gel/DCE
interface using cyclic voltammetry. Figure 2 displays the cyclic
voltammograms obtained under different experimental con-
ditions using cell 1. In Figure 2a, without the presence of Fc
and CoTPP, the voltammetric response (black curve) showed
the potential window (it was very similar to the classical
potential window obtained at the W/DCE interface, see Figure

S4 in SI). At positive potential, the potential window was
limited by the transfer of H+/Li+ from the aqueous to the
organic phase or TPBF5

− from the organic to the aqueous
phase, and the negative potential window was controlled by the
transfer of SO4

2−, Cl−, or BTPPA+. Compared to the blank
response, the presence of CoTPP showed no obvious changes
(red curve), indicating that no obvious adsorption of CoTPP
at the interface could be observed. As shown in Figure 2b,
when Fc and CoTPP were both in the solution, the
voltammetric response (blue curve) showed a negative current
at −0.15 to 0 V (half-wave potential, E1/2 = −0.07 V),
consistent with ion transfer (IT) of ferricenium cations (Fc+)
from the organic phase to the aqueous phase. Moreover, a
positive current at 0 to 0.15 V (E1/2 = 0.07 V) was acquired,
attributed to an interfacial electron transfer reaction between
Fc and O2, which was analogous to the previous study of the
interfacial redox reaction between decamethylferrocene
(DCMFc) in DCE and oxygen in the aqueous phase.49 In
particular, the transfer of Fc+ from aqueous phase to DCE, or
oxygen intermediate, e.g., superoxide anion, from DCE to
aqueous phase, should be excluded because the concentrations
in the corresponding phases were too low to produce the
positive signal shown in Figure 2b.49 Note that in the presence
of only Fc in DCE, small waves were observed (black curve),
showing that the Fc was slowly oxidized on its own during the
measurement time scale. In the control experiment under
anaerobic conditions, the current signals disappeared (red
curve), confirming that the aforementioned negative current
and positive current are related to the O2 reduction. Clearly,
the presence of Fc, CoTPP, and O2 and the H+ transfer from
agar-gel to organic phase are necessary to obtain these coupled
signals. These results are in good agreement with that in the
proposed mechanism in Scheme 1b. Here the only function of
the aqueous (agar-gel phase) phase is to provide protons to
initiate these reactions. In addition, the agar-gel/DCE interface
is also verified to be very similar to that of a W/DCE interface.
The two possible pathways involved in this work could be

expressed as44

+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ ++ +2Fc O 2H CoTPP 2Fc H O(DCE) 2(DCE) (w) (DCE) 2 2(w)

(1)

and/or

+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ ++ +4Fc O 4H CoTPP 4Fc 2H O(DCE) 2(DCE) (w) (DCE) 2 (w)

(2)

They represent a two-electron/two-proton oxygen reduction
pathway and a four-electron/four-proton oxygen reduction
pathway, respectively. By variation of the pH of the agar phase,
the influence of hydrogen ions on the PCET reaction was
observed. The pH was adjusted from 2.0 to 4.0 using the
electrochemical cell 2. The Nernst equations for the possible
PCET reactions shown in eqs 1 and 2 are listed in the
following:44,50
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Figure 2. (a) Cyclic voltammograms with cell 1 (x = 0, y = 50) in the
absence (black curve) and presence (red curve) of CoTPP conducted
with agar-gel/DCE ultramicroelectrodes. (b) Cyclic voltammograms
with cell 1 in the presence of only Fc (black curve, x = 5, y = 0) and
both Fc and CoTPP (blue curve, x = 5, y = 50). The red curve was
conducted under anaerobic conditions, but the others were the same
as the blue curve. Scan rate: 0.05 V s−1.
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where ai
o is the activity of species i in the organic phase, p0 is

the standard pressure, fO2 represents the fugacity of oxygen,
and Δo

wϕ2et
0 and Δo

wϕ4et
0 are the standard potential for the two-

electron or four-electron interfacial PCET mechanisms,
respectively.
Figure 3 shows a negative wave at about −0.15 to 0 V (E1/2

= −0.07 V) ascribed to transfer of Fc+ across agar-gel/DCE

interface and a positive current at 0 to 0.15 V (E1/2 = 0.07 V)
assigned to the electron transfer reaction between Fc in DCE
and O2 in aqueous phase. With the concentration of H+ in the
aqueous phase increasing, more H+ transferred to the interface
and then more Fc+ was produced during the PCET processes,
making the negative waves increase successively. The positive
currents were not influenced by the pH, which might result
from the excess protons in the aqueous phase. The agar would
be degraded at low pH; thus, the pH was set from 2.0 to 4.0.
By changing the pH from 2.0 (∼10−2 M) to 3.0 (∼10−3 M),
the current signal moved to the right about 60 mV/pH, as
predicted by eqs 3 and 4. The potential windows were
controlled by Li+ and H+ at the positive potential. With the
decrease in concentration of H+, Li+ might become the limiting
factor, leading to less change in the positive potential window
from pH 3.0 to pH 4.0. In contrast, in the absence of additional
acid in the aqueous phase, no significant signal was observed,
proving the necessity of the presence of H+ in the ORR. The
results of the pH dependence experiments indicate that the
current waves shift with pH at positive potentials. The CV
measurements show that the electrochemical responses of
agar-gel/DCE micropipettes are consistent with those obtained
at the water/DCE interface,44,51 proving that the PCET
reactions at the agar-gel/DCE interface are by nature very
similar to those at a water/DCE phase interface.
ORR Behaviors at the Water/PVC-Gel Interfaces. The

CV measurements were also conducted at the water/PVC-gel

ultramicroelectrodes using electrochemical cell 3 for the ORR
at the water/PVC-gel interfaces (Figure 4). Compared with

the agar-gel ultramicroelectrodes with poor performance at low
pH, the water/PVC-gel ultramicroelectrodes could be used at
low pH. The cyclic voltammograms showed a negative current
at −0.1 to 0 V (E1/2 = −0.06 V) corresponding with Fc+ from
the organic phase to the aqueous phase. With the pH shifting
from 3.0 to 1.0, more Fc+ was generated and the negative
currents increased accordingly. The current signals shifted with
pH around 60 mV/pH at the positive potential, consistent with
eqs 3 and 4. When no additional acid was put into the aqueous
phase, the transfer signal of Fc+ was absent, which was the
same with the result at the agar-gel/DCE interface. As shown
in the inset, the positive currents due to the reaction between
Fc and O2 observed in agar-gel/DCE interface were rather
small here, which might be an influence of the slow diffusion
coefficient of the Fc in the PVC gel, decreasing the chance of
reaction between Fc in the PVC-gel and O2 in the aqueous
phase. The CV measurements indicate that the electrochemical
responses of water/PVC-gel interfaces are also in accord with
the results at the water/DCE interface.

EC-MS Studies of the Interfacial ORR at the Gel/
Electrolyte Interfaces. In the EC-MS measurements, as a
proof-of-concept application, a simple ion (tetramethylammo-
nium, TMA+) transfer at the agar-gel/organic interface was
conducted using cell 4 (EC result is shown in Figure S8, and
the setup is shown in Figure S9). First, to verify the stability of
the agar-gel ultramicroelectrodes, an MS test of the agar-gel
micropipettes without organic phase was carried out. In this
case, the agar-gel micropipette was equivalent to the mass
spectrometer spray emitter. The results of the mass
spectrometry revealed that in the absence of TMA+, only the
background signal of air was detected (Figure S10), indicating
that the aqueous phase could be successfully immobilized by
addition of agar and would not be delivered into the mass
spectrometer during the ionization process. Then the simple
ion transfer of TMA+ at the agar-gel/DCE interface was
performed with another channel of the micropipette filled with
DCE phase. When the potential was turned off, as seen in
Figure 5, TMA+ m/z 74 and the background of the organic
residue, such as m/z 86 single peak, were observed. Note that

Figure 3. Cyclic voltammograms with cell 2 at pH 2.0 (green), pH 3.0
(red), pH 4.0 (blue), and pH 6.8 (black) conducted with agar-gel/
DCE ultramicroelectrodes. Scan rate: 0.05 V s−1.

Figure 4. Cyclic voltammograms with cell 3 at pH 1.0 (green), pH 2.0
(red), pH 3.0 (blue), and pH 6.8 (black) conducted with water/PVC-
gel ultramicroelectrodes. Scan rate: 0.05 V s−1.
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the detection of TMA+ resulted from dispersal in organic
solution. The intensity of the m/z 74 ion to the m/z 86 ion
(I74/I86) was 3.4. When the potential was set as 0.5 V, the
TMA+ would transfer from agar-gel phase to the organic phase,
significantly increasing the TMA+ signal compared with the
compressed signal of the background at m/z 86 (I74/I86 =
19.2). According to the previous work,38 when another
channel of agar-gel micropipette was filled with the organic
phase, the agar-gel/organic phase interface was quickly formed.
Combined with the pulse ionization, the reactants, products,
and intermediates at the interfacial layer were quickly going
with the organic solution to the MS detector. The results of
simple ion transfer at the agar-gel/organic interfaces confirm
that the EC-MS setup is capable of detecting the products and
possible intermediates at the interfacial layer.
Using the EC-MS setup illustrated in the Scheme 1, the

ORR electrocatalyzed by CoTPP was monitored using
electrochemical cell 5 as shown in Figure 6. When the voltage
applied at the agar-gel/DCE interfaces was 0.0 V, only the
CoTPP+ m/z 671 was produced (Figure 6a). The detection of
CoTPP+ might be due to the loss of one electron of the neutral
CoTPP compound during the ionization. Figure 6b illustrates
that when the voltage was set at −0.7 V, the proton would
proceed to the organic phase, triggering a series of reactions
occurring at the interface. The signals of m/z 688 and m/z 703
with similar isotopic distributions of CoTPP (inset) were
detected simultaneously by mass spectrometry, which
indicated that the peaks were closely related to the CoTPP
complexes.
To further help with the interpretation of the peaks, the ions

were fragmented by collision-induced dissociation. Figure 6c
shows a predominant fragment ion at m/z 671. Moreover, an
ion peak at m/z 611 was also detected, which coincided with
the loss of a phenyl group from parent ion m/z 688, further
confirming that the peak at m/z 688 corresponded to (Co−
OH)TPP+. Utilizing the same methodology, the CID analysis
of m/z 703 was carried out (Figure 6d). The presence of a
fragment ion at m/z 671 indicated the formation of (Co−
O2)TPP

+. It should be noted that the detection of cations of
(Co−OH)TPP+ and (Co−O2)TPP

+ should result from the
ionization of the neutral (Co−OH)TPP and (Co−O2)TPP
compounds.

EC-MS studies of the ORR at water/PVC-gel interfaces
were also conducted using cell 6 (Figure 7). In this case, the
aqueous phase was sprayed out with the intermediates and
products in the interfacial reactions. When the potential was
off, only BTPPA+ m/z at 538 and background signals of the

Figure 5. (a) A representative mass spectrum when the voltage was
off. (b) A representative mass spectrum when 0.5 V was applied using
cell 4, for detection of TMA+.

Figure 6. (a) Mass spectrum when the voltage was off. (b) Mass
spectrum when 0.7 V was applied using cell 5, detection of the
CoTPP complex intermediates. CID spectra of m/z 688 (c) and m/z
703 (d). The inset is the isotopic distributions of (Co−OH)TPP
(blue), (Co−O2)TPP (green), and CoTPP (black).

Figure 7. (a) Mass spectrum when the voltage was off. (b) Mass
spectrum when 0.7 V was applied using cell 6.
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water residue (m/z 339 and m/z 500) were detected. Applying
a potential of 0.7 V to the L/L interface resulted in a decline of
the BTPPA+ signal, which was suppressed by the positive
potential employed at the aqueous phase. Compared to the
signals obtained without externally applied potential, Fc+ m/z
at 186 and CoTPP+ m/z at 671 were detected with 0.7 V
applied potential, proving the detection of some of the
products and intermediates of the interfacial PCET. However,
the complexes of CoTPP with O2 and OH could not be
observed. The reasons might be that the concentration of O2
trapped inside the gel of the organic phase was rather low, the
very slow diffusion rate of existent O2 within the organic gel,
and the distribution of formed CoTPP complexes in the PVC-
gel into the aqueous phase or interface was very rare.
Mechanism of the Interfacial ORR. The ORR catalyzed

by metalloporphyrins has been widely explored both in the
homogeneous phase52−55 and in the heterogeneous phase, e.g.,
the L/L interfaces.44 Herein the performance of CoTPP
catalyst at the L/L interfaces was revealed based on the
aforementioned experimental results. Clearly, the presence of
product Fc+ could be revealed by the EC experiments. The
EC-MS experiments based on the W/PVC-gel hybrid ultra-
microelectrodes provided direct evidence for the products Fc+

and intermediates CoTPP+. The experiments based on the
agar-gel/O interface have shown the presence of intermediates
(Co−O2)TPP and (Co−OH)TPP. A mechanism for the ORR
catalyzed by CoTPP was put forward as follows, based on the
experimental results and previous reports.56 During the ORR,
O2 inserts into CoII-TPP, generating a superoxide intermedi-
ate:57

+

→ − − ·−

Co TPP O

(Co O )TPP/(Co O )TPP

II
(DCE) 2(DCE)

II
2

III
2 (DCE) (5)

With one electron donor Fc and one proton reacting with
electron acceptor (CoII−O2)TPP or (CoIII−O2

·−)TPP, PCET
reaction would take place to produce hydroperoxo adduct:

− + +

→ − +

·− +

+

(Co O )TPP Fc H

(Co OOH)TPP Fc

III
2 (DCE) (DCE) (w)

III
(DCE) (DCE) (6)

After that, (CoIII−OOH)TPP might undergo O−O bond
cleavage to generate (CoIVO)TPP and lead to the formation
of H2O:

− + +

→ + +

+

+


(Co OOH)TPP Fc H

(Co O)TPP Fc H O

III
(DCE) (DCE) (w)

IV
(DCE) (DCE) 2 (w) (7)

Subsequently, the (CoIVO)TPP would capture one
electron and one proton to form OH on a Co atom:

+ +

→ − +

+

+

(Co O)TPP Fc H

(Co OH)TPP Fc

IV
(DCE) (DCE) (w)

III
(DCE) (DCE) (8)

Finally, the (CoIII−OH)TPP intermediate would obtain one
electron and one proton to produce H2O:

− + +

→ + +

+

+

(Co OH)TPP Fc H

Co TPP Fc H O

III
(DCE) (DCE) (w)

II
(DCE) (DCE) 2 (w) (9)

Alternatively, (CoIII−OOH)TPP might be involved to
produce H2O2 as shown in the following step:

− +

→ +

+

+

(Co OOH)TPP H

Co TPP H O

III
(DCE) (w)

III
(DCE) 2 2(w) (10)

and CoIITPP was regenerated by the following reaction:

+ → ++ +Co TPP Fc Co TPP FcIII
(DCE) (DCE)

II
(DCE) (DCE)

(11)

As demonstrated above, the (Co−OOH)TPP and (Co
O)TPP intermediates were not detected, which might be a
reason that the two intermediates were quite unstable and
spontaneously decayed in the subsequent reactions or low
equilibrium concentrations in the solution or in the gas phase.
The (Co−OH)TPP intermediate was the third step (three
electrons and three protons were involved) in the four-
electron/four-proton oxygen reduction pathway to produce
H2O, which was absent in the two-electron reduction. Thus,
the detection of (Co−OH)TPP by EC-MS proved the
presence of the four-electron reduction pathway. Moreover,
the biphasic reactions controlled by chemical polarization
(common ions in both phases) were performed with shaking
both aqueous and DCE phases in a flask and monitoring the
products by UV−vis spectroscopy (Figure S11). The
experimental results demonstrated that the number of
transferred electrons per molecular oxygen reduction was 3.9
and the selectivity of four-electron reduction of O2 was more
than 94%, further confirming the high selectivity to produce
H2O. According to EC-MS and UV−vis study, two-electron
and four-electron pathways both existed in the ORR catalyzed
by CoTPP and the latter was the main pathway. To our
knowledge, the majority of the previous studies suggested that
the monomeric cobalt porphyrins catalyzed a two-electron
reduction of O2 to produce H2O2 in the homogeneous
phase.58,59 Nevertheless, Anson et al. have reported that
CoTPP catalyzed the four-electron reduction of O2 to produce
H2O at the L/L interface.60 In addition, surprisingly low H2O2
yields in the oxygen reduction with CoTPP as the catalyst in
the two-phase reaction was also observed.61 In this work, we
attribute the main four-electron pathway catalyzed by CoTPP
to the following reason. Naturally, the two-electron and four-
electron pathways were in parallel at comparable rates. H+ and
CoTPP catalyst were in the separated phases; in this case, the
mass transport of proton across the W/DCE interface might
become the rate-limiting step of the ORR.56 A low equilibrium
concentration of protons at the interface makes step 10 slower;
thus, O2 had a longer time to coordinate with the cobalt center
to accept additional electrons to produce H2O. This proposal
was confirmed by the homogeneous oxygen reduction reaction
(S6 in SI), which proceeded mainly through the two-electron
reduction pathway. Therefore, in contrast to the homogeneous
oxygen reduction reaction favoring the two-electron pathway,
the heterogeneous oxygen reduction reaction with monomeric
cobalt-based catalysts is dominated by the four-electron
pathway.

Theoretical Calculation. Calculation was carried out to
investigate the possibility of the intermediates and the four-
electron oxygen reduction pathway. More details of the
calculation are shown in S7 of SI. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of CoTPP are depicted in Figure 8a and 8b.
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In contrast, the molecular orbitals (MOs) of the CoTPP
complex with O2 (Figure 8c,d) and that with OH (Figure 8e,f)
absorption were also investigated. When CoTPP was
combined with O2 or OH, the significant change of the
structure indicated the strong interaction between them. The
Co−O bond lengths of (Co−O2)TPP, (Co−OOH)TPP,
(CoO)TPP, and (Co−OH)TPP were suggested to be
1.90, 1.87, 1.73, and 1.86 Å, respectively, as shown in Figure
S13. In addition, the relative Gibbs free energy (G) of the four-
electron pathway at 298 K and 1 atm pressure in eqs 5−9 was
demonstrated in Figure 8g. The calculation suggested that the
change of the Gibbs free energy (ΔG) of each step was
negative, except that of eq 6 was slightly positive. This hinted
that all the processes were energy-favorable and that the
proposed four-electron reduction mechanism was reasonable
in terms of thermodynamics. More investigation on dynamics
will be interesting in the future. These simulation results
supported that it was possible to form the (Co−O2)TPP and
(Co−OH)TPP complexes in the four-electron pathway.

■ CONCLUSIONS
In summary, we fabricated agar-gel/W and PVC-gel/O hybrid
ultramicropipettes to function as the liquid/liquid interfaces
and microelectrochemical cells. Combined with a mass
spectrometer as the detector, a novel EC-MS hyphenated
technique was established to provide real time and online
information on the interfacial electrochemical reactions. The
electrochemical studies were performed to verify the responses

of the agar-gel/DCE interface and water/PVC-gel interface
and were very similar to that of a classical W/DCE interface.
Using gel hybrid ultramicroelectrodes, the mechanism of the
interfacial ORR by Fc with CoTPP as the molecular catalyst
was investigated online by EC-MS. The key (Co−O2)TPP and
(Co−OH)TPP intermediates of the interfacial reaction were
determined in this work for the first time. Theoretical
calculation was performed and further supported the ration-
ality of the (Co−O2)TPP and (Co−OH)TPP intermediates.
Along with the biphasic reactions, the ORR catalyzed by
CoTPP at the L/L interface was concluded to proceed
preferentially via a four-electron pathway to produce H2O.
This method is general and might open a wide applicability for
the mechanistic study of reactions at L/L interfaces or other
soft interfaces.
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