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Discovering Facet-Dependent Formation Kinetics of Key
Intermediates in Electrochemical Ammonia Oxidation by a
Electrochemiluminescence Active Probe

Dina Sun, Jiaqi Zhang, Heng Wang, Yanxia Song, Jing Du, Genping Meng, Shihao Sun,
Weihua Deng, Zhiyi Wang,* and Baodui Wang*

Facile evaluation of formation kinetics of key intermediate is crucial for a
comprehensive understanding of electrochemical ammonia oxidation reaction
(AOR) mechanisms and the design of efficient electrocatalysts. Currently,
elucidating the formation kinetics of key intermediate associated with
rate-determining step is still challenging. Herein,
4-phtalamide-N-(4′-methylcoumarin) naphthalimide (CF) is developed as a
molecular probe to detect N2H4 intermediate during AOR via
electrochemiluminescence (ECL) and further investigated the formation
kinetics of N2H4 on Pt catalysts with different crystal planes. CF probe can
selectively react with N2H4 to release ECL substance luminol. Thus, N2H4

intermediate as a key intermediate can be sensitively and selectively detected
by ECL during AOR. For the first time, Pt(100) facet is discovered to exhibit
faster N2H4 formation kinetics than Pt(111) facet, which is further confirmed
by Density functional theory calculation and the finite element simulation.
The AOR mechanism under the framework of Gerischer and Mauerer is
further validated by examining N2H4 formation kinetics during the
dimerization process (NH2 coupling). The developed ECL active probe and the
discovered facet-dependent formation kinetics of key intermediates provide a
promising new tool and strategy for the understanding of electrochemical
AOR mechanisms and the design of efficient electrocatalysts.

1. Introduction

The electrocatalytic ammonia oxidation reaction (AOR) catalyzed
by transition metal catalysts has been found many industrial and
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engineering applications, such as ammo-
nia fuel cells, hydrogen production with
ammonia electrolyzers, wastewater treat-
ment and nitrogen cycles.[1–6] However,
its kinetic limitations accounts for a lager
overpotential required for ammonia elec-
trolysis, resulting in the considerable en-
ergy penalty in the electrode.[7] The in-
depth study of the electrochemical mecha-
nism of AOR is crucial for the rational de-
sign of efficient AOR electrocatalysts. Cur-
rently, two mechanisms are generally ac-
cepted for this process, namely Oswin–
Salomon (O–S) and Gerischer–Mauerer
(G–M) mechanism.[8] The G–M mecha-
nism is favored by many theoretical calcula-
tions or experimental studies due to its low
onset potential.[9–11] According to the G–M
mechanism, the N2Hx+y intermediates gen-
erated from NHx and NHy (x, y= 1 or 2) cou-
pling constitutes the pivotal precursor to the
generation of N2.[12] A previous study sug-
gested that NH2 fragment coupling should
be the rate-determining step at the inter-
face between solid and liquid.[13] In conse-
quence, the detection of N2Hx+y intermedi-
ate species and study their formation rate

on the electrode surface are very critical to understand the AOR
mechanism and electrochemical kinetics.

Generally, research on the mechanisms of electrocatalytic
AOR on the metal catalysts surface has always been a focus of
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attention. As a result of complexity of the internal mechanism,
the AOR reaction kinetics is not only influenced by the catalyst
types, but also by a variety of structural patterns.[8] Recent
efforts have been dedicated to enhance the electrocatalytic AOR
efficiency of Pt-based catalyst. Pt(100) planes have been found
to demonstrate superior performance than Pt(111) planes in
many cases.[14–16] Bertin et al. explored the catalytic activity
of Pt nanoparticles (NPs) with preferential orientation (100)
planes and polycrystalline Pt catalysts on AOR, indicating that Pt
NPs with (100) planes have higher efficiency than polycrystalline
Pt.[17] DFT calculations showed that the easier formation of *NH2
on the crystal surface of Pt(100) leads to a lower dimerization
barrier of *N2H4, which is the reason for the higher ammonia ox-
idation rate on Pt(100) planes.[8] Although the active difference of
Pt(100) and Pt(111) planes is already significant, the fundamen-
tal reason and internal mechanism of structure sensitivity of Pt
facets on AOR is highly controversial. Accordingly, the evaluation
of dimerization kinetics of *NH2 during electrocatalytic AOR on
different Pt crystal planes play indispensable roles in the deeper
understanding of mechanisms of electrocatalytic AOR. However,
there is a lack of important experimental evidence for the study
of the dimerization product (N2H4) on different Pt crystal planes.

In recent years, several techniques have been employed for
the detection of intermediates, including in situ Fourier trans-
form infrared spectroscopy (FTIR),[18–20] surface enhanced Ra-
man spectroscopy,[21–23] differential electrochemical mass spec-
troscopy (DEMS),[24–27] and rotating ring-disk electrodes.[28–30]

Even though these techniques have the impressive amount of in-
formation on intermediate detection, they suffer from their own
intrinsic limitations. For example, the quantitative analysis pro-
vided by FTIR has low sensitivity and significant errors, which
hinder its accuracy; in situ Raman analysis usually requires spe-
cific experimental conditions, which may have an impact on the
sample; DEMS faces challenges in detecting certain anti volatile
liquids and ion products. Most importantly, since the electro-
chemical AOR process involves multi-step dehydrogenation and
coupling reactions,[8] a technique for the analysis of the forma-
tion rate of intermediate species in the speed determination step
is critically important in understanding real kinetics and sophis-
ticated correlations between structure and function. Especially,
the study of formation dynamics of N2H4 generated in the rate-
determining step is still lacking, limiting the in-depth under-
standing of AOR mechanisms. Therefore, there is an urgent need
to find simpler and more efficient techniques for the quantitative
observation of N2H4 during electrochemical reaction to fully un-
derstand the AOR mechanism and advance our knowledge for
optimizing electrocatalysts.

As a powerful tool for molecular identification, electrochemi-
luminescence (ECL) is a specific luminescence reaction triggered
by electrochemistry on the electrode surface, involving electro-
chemistry and chemiluminescence.[31–33] Due to its versatility,
near-zero background signal, high sensitivity and wide dynamic
range, ECL technology has made significant progress in various
research fields such as environmental and food analysis,[34–36]

immunoassays,[37–39] pharmaceutical and nucleic acid hybridiza-
tion analysis.[40–42] Keeping in this mind, the exceedingly promis-
ing potential of ECL time-resolved spectroscopy for monitoring
the intermediate species during electrochemical processes can-
not be underestimated. However, so far, due to the absence of

probes with good ECL activity and highly selective responses
to intermediates, monitoring the intermediate species with ECL
spectrum during AOR remains challenging.

Herein, inspired by the use of molecular probes in cat-
alytic research, 4-phtalamide-N-(4′-methylcoumarin) naphthal-
imide (CF) as the molecular probe has been synthesized whose
ECL signal can respond to N2H4 with high sensitivity and speci-
ficity. Upon a Gabrieltype hydrazinolysis of the CF probe in the
presence of N2H4, the probe will be cleaved into ECL molecule
luminol and 7-amino-4-methylcoumarin (AMC) with a high flu-
orescence quantum yield.[43] With this probe, N2H4 intermedi-
ates can be monitored in Pt with different crystal planes catalyzed
electrochemical AOR by using time-dependent ECL technology.
The analysis of N2H4 generation kinetics shows that Pt(100) crys-
tal planes have a higher N2H4 intermediate generation rate than
the Pt(111) crystal planes, which is in good agreement with DFT
calculation results. The finite element simulation (FES) further
confirms the sensitivity of the crystal plane structure of N2H4
intermediate evolution. Both experimental and computational
results reveal the deep mechanism of performance differences
between Pt(100) and Pt(111) crystal planes: the generation ki-
netics of N2H4 intermediates on Pt(100) crystal planes is sig-
nificantly superior to Pt(111) crystal planes. The developed ECL
active probe offers a powerful new tool for both the quantita-
tive detection of N2H4 intermediates and the discovery of facet-
dependent formation kinetics of N2H4 intermediates during elec-
trocatalytic AOR, helping the understanding of electrochemical
AOR mechanisms and the design of efficient electrocatalysts.

2. Results and Discussion

The selection of ECL active probe is vitally important for the de-
tection of intermediates. CF was successfully synthesized in this
study as the molecular probes of specific response to N2H4 in-
termediates (Figures S1–S5, Supporting Information). First, the
probe should be able to react with N2H4 intermediates with high
specificity and exhibit excellent ECL properties. Additionally, ECL
response of the probe to N2H4 should exhibit the strong regu-
larity within a certain range to achieve quantitative evaluation
of N2H4 intermediates during electrocatalytic AOR. Accordingly,
we validated these requirements in Figure 1. Upon a Gabriel-
type hydrazinolysis of the CF probe in the presence of N2H4,
the probe is cleaved into ECL molecule luminol and 7-amino-
4-methylcoumarin (AMC) (Figure 1a). As shown in Figure 1b,
the response of CF to N2H4 exhibits an obvious ECL signal at
0.6 V (vsAg/AgCl) at bare GCE in 10 mm PBS (pH = 7.4) con-
taining 0.05 mm H2O2, and there is no ECL signals in the ab-
sence of N2H4 (Figure S6, Supporting Information). Moreover,
CF showed a stable ECL signal when the electrode was scanned
in the potential range of 0–1.0 V, exhibiting ultra-low relative stan-
dard deviation (RSD = 0.60%) (Figure 1c). Figure 1d and Figure
S7 (Supporting Information) reveals the relationship between
ECL intensity and concentrations of N2H4 in the range of 0–250
μm, indicating that there is a good positive correlation linear rela-
tion between ECL intensities of the sensor and concentrations of
N2H4. The limit of detection (LOD) is estimated as low as 45 nm
(signal/noise = 3.3).

Additionally, some possible species generated during the elec-
trocatalytic AOR process may cause ECL signal interference. The
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Figure 1. a) Schematic illustration of the Gabrieltype hydrazinolysis reaction of the CF probe in the presence of N2H4. b) ECL response of CF to N2H4
at bare GCE in 10 mm PBS (pH = 7.4) containing 0.05 mm H2O2. c) Stability test of the ECL response of CF to N2H4 under 20 repetitive cyclic potential
scans (voltage of PMT, 800 V). d) Linear relationship between the concentration of N2H4 and ECL intensity in 10 mm PBS (pH = 7.4) containing 0.05 mm
H2O2. e) Selectivity of ECL response to intermediate detection during AOR process.

selective experiment indicates that CF itself has no ECL response
in the absence of N2H4, illustrating that CF molecule has no con-
tribution to ECL signal change during AOR. Clearly, the reaction
between CF and N2H4 produced strong ECL, whereas pretreat-
ment with other competing compounds (excessive) did not cause
generation of any ECL signals (Figure 1e). It is generally known
that N2H2 is unstable and readily reacts with itself to quickly form
N2H4 and N2 gas.[44] In addition, CF probe only reacts specifi-
cally with N2H4 to generate a luminol luminophore.[43] There-
fore, the effect of N2H2 on ECL intensity of probe is minimal.
Briefly, the ECL response of CF to N2H4 exhibits high selectivity
in the electrochemical AOR process. Consequently, the probe CF
is expected to be used for recognition of N2H4 in AOR process.

To explore whether the reactive probe CF can be applied to
the detection of N2H4 intermediates during electrocatalytic AOR,
three prerequisites were proposed for ECL to be applicative in
AOR kinetics evaluation: 1) whether N2H4 was produced in elec-
trocatalytic AOR; 2) could N2H4 trigger ECL signals of CF; 3)

would N2H4 generated during AOR be play a significant role in
AOR kinetics. Our previous experiments have indubitably indi-
cated that CF has a specific ECL response to N2H4. Therefore,
CF is directly used as a specific probe for N2H4 intermediates
to investigate the presence of N2H4 in the AOR process. Taking
commercial Pt/C electrocatalyst as an example, clear ECL sig-
nals can be observed after driving AOR at a potential window of
−1 to 0.5 V (vs Ag/AgCl) for a period of time, and the ECL in-
tensity increases upon extended reaction time from 2 to 10 min
(Figure 2a). In addition, ECL signals generated by the reaction
between CF and AOR intermediates can be recorded at 440 nm,
which is consistent with the luminescence wavelength position of
luminol (Figure 2b),[45] further illustrating that the luminol pro-
duced by the hydrazinolysis reaction between CF and the N2H4
intermediate is the source of ECL signals rather than other crack-
ing products.

In order to more accurately reflect the current density of three
Pt-based catalysts, the electrochemical active surface area (ECSA)
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Figure 2. a) ECL response of CF after reaction with N2H4 generated by AOR with different accumulated time. b) ECL spectral comparison of N2H4
intermediates reacted with CF and luminol molecules. c) Linear sweep voltammetry curves of the commercial Pt/C electrocatalyst in 0.1 m KOH with
the titration of 0–250 μm probes. Inset: zoom-in of the gray boxed region in the main panel. d) The calculated Tafel slopes over catalysts of commercial
Pt/C, Pt(100)/C, and Pt(111)/C with different exposed crystal faces under different CF concentrations.

was estimated by measuring the capacitive current associated
with double-layer charging from the scan-rate dependence of
cyclic voltammograms (CVs). The ECSA of Pt(100)/C, commer-
cial Pt/C and Pt(111)/C is 17.5, 9.0, and 9.8, respectively (Figure
S8, Supporting Information). In the following electrochemical
experiments, ECSA was further used to normalize current den-
sity. Figure 2c represents linear sweep voltammetry (LSV) curves
of the commercial Pt/C electrocatalyst in 0.1 m KOH with the
titration of 0–250 μm probes, indicating that the titration of CF
gradually reduces AOR current in a concentration-dependent
manner. Also, AOR current still presented when the probe con-
centration increased to 250 μm, which eliminated the possibility
of CF probes poisoning the Pt/C surface.

Tafel analysis is an effective electrochemical tool for study-
ing the reaction pathways of electrocatalytic processes. Generally,
the smaller the Tafel slope value, the faster the current density
increases, indicating faster catalyst kinetics and better catalytic
activity.[46] According to Tafel curve of commercial Pt/C catalysts,
it can be seen that Tafel slope shows an increasing trend with the
accumulation of CF concentration, indicating the change of reac-
tion kinetics after the introduction of the probe (Figure S9, Sup-
porting Information). Similarly, the Tafel slope of Pt(100)/C and
Pt(111)/C catalysts exhibits a similar trend to commercial Pt/C
catalysts, further indicating that the N2H4 intermediate has been
successfully captured by CF (Figure S10, Supporting Informa-
tion). Figure 2d compares the effect of CF titration on three cat-
alysts, among which Pt(100)/C catalyst demonstrates the lower

Tafel slope than Pt(111)/C catalyst, indicating that Pt(100) has
faster AOR reaction kinetics than Pt(111). The Tafel slope of all
three catalysts increases linearly with the increasing concentra-
tion of CF probe, illustrating the reduction of reaction kinetics of
electrocatalytic AOR. These results further demonstrate the vital
role of N2H4 intermediates in the reaction kinetics during the
electrocatalytic AOR process.

To verify the feasibility and repeatability of the established
method for detecting intermediates during AOR, the commer-
cial Pt/C (20%) was selected as the model electrocatalyst in this
work, which has been shown to be an efficient electrocatalyst in
the AOR process according to previous reports.[47] In addition,
shape-controlled Pt NPs was synthesized and deposited onto Vul-
can carbon XC-72R according to the previously reported method
to study the effect of crystal face on AOR behavior.[48] Figure
S11 (Supporting Information) shows X-ray diffraction (XRD) pat-
terns of the commercial Pt/C, Pt(100)/C, and Pt(111)/C. In all
diffractograms, characteristic peaks of the face centered cubic
structure (FCC) of Pt appear at 39.8°, 46.2°, 67.5°, and 81.3°,
which is associated with the crystal faces of (111), (200), (220), and
(311), respectively.[49] All Pt shape-controlled NPs exhibited well-
defined shapes and structures. Figure S12 (Supporting Informa-
tion) and Figure 3a,b depicts transmission electron microscopy
(TEM) images of shape-controlled Pt NPs. The average size of
the Pt cube and the Pt icosahedron is 10.7 and 18.3 nm, respec-
tively. Also, the crystal faces of Pt(100) and Pt(111) are verified
by high-resolution transmission electron microscopy (HRTEM)

Adv. Sci. 2024, 2402673 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2402673 (4 of 10)
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Figure 3. a) Typical TEM image of Pt cube and b) Pt icosahedron. c) HRTEM and Fourier transform (FFT) images of Pt cube and d) Pt icosahedron. ECL
response of CF after reaction with N2H4 generated intermediates on e) Pt(100)/C, f) Pt(111)/C, and g) commercial Pt/C catalysts at different potentials.
h) ECL intensity comparison of three catalysts with background correction. i) CV curves of commercial Pt/C, Pt(100)/C, and Pt(111)/C.

and Fourier transform (FFT) images. Clearly, the lattice spacing
of 0.226 nm (Pt icosahedron) and 0.196 nm (Pt nanocube) are in
good agreement with Pt(111) and Pt(100) crystal planes, respec-
tively (Figure 3c,d). It is noted that commercial Pt/C, Pt(100)/C
and Pt(111)/C all exhibit good dispersion of Pt NPs (Figure S13,
Supporting Information). ICP-MS confirmed that the loading
amounts of Pt cubes and Pt icosahedra on carbon carriers were
18.9% and 17.6%, respectively.

Due to meeting all the requirements for the determination
of N2H4 intermediates, ECL signals of different electrocatalysts
were collected after AOR. Typically, we focused on the ECL in-
tensities of well-known Pt-based catalysts exposed to different
crystal planes, with comparison of polycrystalline commercial
Pt/C catalysts. ECL intensity of Pt(100)/C was high and altered
significantly at different potentials, whereas that of Pt(111)/C
was low and remained almost constant at all measured poten-

tials (Figure 3e,f). Compared with commercial Pt/C catalysts
(Figure 3g), Pt(100)/C exhibits higher ECL intensities, while
Pt(111)/C has the lowest strength, suggesting the significant
impact of structure sensitivity of Pt facets on the N2H4 inter-
mediates during the electrocatalytic AOR. It is noteworthy that
both Pt(100)/C and commercial Pt/C show the maximum ECL
intensity at −0.16 V (vs Ag/AgCl), inferring that this potential
is more advantageous to the formation of N2H4 intermediates
(Figure 3h). Figure 3i depicts the CV curves of commercial Pt/C,
Pt(100)/C, and Pt(111)/C catalysts, showing the obvious contrast
of AOR current. Apparently, Pt(100)/C catalyst exhibits the max-
imum oxidation current at −0.13 V, while the Pt(111)/C catalyst
shows a very weak oxidation current, further indicating that the
performance of Pt(100)/C is superior to commercial Pt/C and
Pt(111)/C. Combining the ECL intensity differences of three cat-
alysts at different potentials, it is easy to infer that the formation
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Figure 4. Time-dependent experimental ECL data and simulated ECL curves (solid lines) of a) Pt(100)/C, b) commercial Pt/C and c) Pt(111)/C catalysts
during AOR process. Inset: the coefficient of determination (R2) for experimental to simulated curves. d) Differences in the k-values of the simulated
functions of three types of Pt-based catalysts exposed different crystal planes. e) Comparison of ECL signals of Pt(100)/C, Pt(111)/C and commercial
Pt/C catalysts after 5 min of AOR process. f) Finite element simulation snapshots of N2H4 concentrations at different electrolysis time on Pt(100) and
Pt(111) crystal planes. g) Mechanistic illustration of the N2H4 intermediate detection with ECL active probe CF in Pt catalyzed electrochemical AOR.

of N2H4 intermediates explains why the electrocatalytic perfor-
mance of Pt(100) crystal surface is more prominent than that of
Pt(111) in AOR.

In addition to the quantitative determination of N2H4 inter-
mediates of three electrocatalysts exposed different crystal planes
at different potentials, the determination of N2H4 generation
kinetics is also necessary for the overall assessment of perfor-
mance of electrocatalyst and in-depth comprehension of the com-
plicated mechanism of AOR. For this purpose, time-dependent
ECL was supposed to provide insightful information. It should
be noted that in order to more strictly compare the kinetic
differences of Pt(100)/C, Pt(111)/C and commercial Pt/C cata-
lysts. AOR was conducted at the same potential of −0.16 V (vs
Ag/AgCl). Figure 4a–c shows the ECL intensity as a function of
time for Pt(100)/C, commercial Pt/C and Pt(111)/C electrocat-
alysts, respectively. Apparently, Pt(100)/C electrocatalysts exhib-

ited stronger ECL intensities and faster ECL signal changes than
the Pt(111)/C catalyst, implying the faster N2H4 generation kinet-
ics of Pt(100)/C electrocatalysts. To more intuitively evaluate the
crystal plane effect of the N2H4 intermediates generation kinetics
of Pt-based catalysts in electrocatalytic AOR, a series of simulated
ECL curves were generated through function fitting. Equation 1
can effectively simulate the functional relationship of ECL inten-
sity of three catalysts over time during AOR:

IECL = a × ln (kt + b) + c (1)

where IECL is the overall ECL intensity, t is time, k represents the
rate of change in ECL intensity over time, and a, b, c are the as-
sociated constants. a represents the weight of the linear relation-
ship after logarithmic transformation, b and c represents the bias
term of the linear relationship and nonlinear transformation,
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respectively. Equations 2–4 present the optimum fitting func-
tional relationship of three Pt-based catalysts with different ex-
posed crystal planes:

IPt(100) = 3628.78 × ln (33.47t + 3702.18) − 29780.25 (2)

IPt(111) = 99.58 × ln (0.87t + 106.55) − 295.47 (3)

IPt∕C = 159.14 × ln (2.44t + 78.18) − 505.53 (4)

Significantly, the reaction between CF probe and N2H4 inter-
mediate to generate luminol (LH) is the fundamental reason for
the change of ECL intensity. The ECL mechanism of quantita-
tive determination of N2H4 intermediate is outlined in Equa-
tions 5–7:

CF + N2H4 → LH− (in alkaline solution) + AMC (5)

LH− + OH− − e− → L⋅− + H2O (6)

L⋅− + ROS → Ap∗ → Ap + h𝜐 (7)

Due to the constant concentration of reactive oxygen species
(ROS) in the experiment, the amount of photon-emitting species
(Ap*) was positively correlated with that of LH. Moreover, CF is
excessive throughout the entire measurement, so the amount of
Ap* is positively correlated with the concentration of N2H4 inter-
mediate. In short, ECL intensity is positively correlated with the
amount of N2H4 intermediate. Additionally, after CF reacted with
N2H4 preconfigured with different concentrations, the ECL in-
tensity showed a good linear positive correlation with N2H4 con-
centration (Figure 1c). Consequently, the k value not only rep-
resents the rate of change in ECL intensity over time, but also
further explains the rate of change in the amount of N2H4 in-
termediates over time, which is an indispensable value for eval-
uating the kinetics of N2H4 intermediate formation. The higher
the k value, the faster the generation rate of N2H4 intermediate
and the faster the electrocatalytic AOR kinetics. For example, the
optimal fit value for Pt(100)/C was determined from the highest
coefficient of determination (R2, Figure 4a inset), corresponding
to value of 33.82 (Figure 4a), while the best fit value for com-
mercial Pt/C catalyst and Pt(111)/C was 2.44 and 0.87, respec-
tively (Figure 4b,c). There is an obvious contrast in the k-values
of the simulated functions of Pt(100)/C, Pt(111)/C and commer-
cial Pt/C electrocatalyst (Figure 4d). Specifically, Pt(100)/C has a
much higher k value than Pt(111)/C and commercial Pt/C, fur-
ther indicating that Pt(100) has superior kinetics for the genera-
tion of N2H4 intermediates. Figure 4e presents the comparison
of ECL signals of Pt(100)/C, Pt(111)/C and commercial Pt/C cata-
lysts after 5 min of AOR process, indicating the highest intensity
of Pt(100) crystal planes. These experimental results consistently
illustrate that the Pt(100) crystal planes exhibit superior perfor-
mance in the generation of N2H4 intermediates than Pt(111) crys-
tal planes, both in terms of the amount and the generation rate
of N2H4.

Visualized 2D concentration profiles of N2H4 are showed in
Figure 4f to better understand the Pt facets structural sensitiv-
ity of N2H4 intermediates during AOR process utilizing FES

method. At different AOR times, the simulated N2H4 concen-
tration on Pt(100) crystal surface is much higher than that on
the Pt(111) surface. Especially, this concentration difference is al-
ready very obvious when AOR reaches 120 s and consistent with
the ECL measurement results. These results well support the
high generation efficiency of N2H4 intermediates on the Pt(100)
crystal surface, further explaining why the electrocatalytic perfor-
mance of Pt(100) crystal surface is more prominent than that of
Pt(111) in AOR.

Based on the above experimental and theoretical results, a pos-
sible mechanism for the detection of N2H4 intermediates during
AOR using ECL signals was proposed (Figure 4g). First, AOR
happened under the catalysis of Pt and produced N2H4 interme-
diate, which rapidly reacted with CF to generate luminol. Then,
the luminol anions generated by luminol under alkaline condi-
tions were further electrochemically oxidized to luminol anion
radicals during the anodic potential scanning, and the H2O2 in
the system was catalyzed to generate a large amount of ROS;
next, ROS reacted with luminol anion through radicals to form
an excited-state intermediate 3-aminophthalate anion, resulting
in significant ECL emission.

On the basis of the previous findings, the probe is capable of
generating AMC and luminol following a Gabriel type-based hy-
drazinolysis in the presence of N2H4.[43] Luminol has been clev-
erly used here as an ECL signal molecule to observe the formation
of N2H4 during AOR. Naturally, due to the high quantum yield
of AMC,[43] fluorescence monitoring was further performed to
verify the N2H4 produced in the AOR process. Figure S14 (Sup-
porting Information) shows the UV–vis spectra of CF in solution
of H2O/DMSO (3:7, v/v). Fluorescence monitoring was further
utilized to validate the generatation of N2H4 intermediate during
AOR process. During the electrocatalytic AOR, a noticeable re-
duction in the intensity of emission at 480 nm was detected when
compared to the initial concentration of the CF solution. In ad-
dition, a novel emission emerged at the wavelength of 430 nm.
This result is consistent with fluorescence change caused by the
addition of N2H4, further confirming the generation of N2H4
throughout the electrocatalytic AOR (Figures S15 and S16, Sup-
porting Information). The CIE coordinate diagram distinctly il-
lustrated the change of luminescence (Figure S17, Supporting
Information). In a word, the fluorescence study of the N2H4 inter-
mediates provides cogent experimental evidence for deeply un-
derstanding of electrchemical AOR mechanism.

We next investigated the reaction product between CF and
N2H4 by using mass and HPLC spectra. As shown in Figure
S18 (Supporting Information), the reaction product of CF and
N2H4 is represented by the mass spectra of fragments of m/z =
176.10 and 178.09, which is attributable to the fragments [AMC
+ H]+ and [luminol + H]+, respectively. In addition, after 20 min
of AOR process at −0.16 V (vs Ag/AgCl) of three Pt-based cata-
lysts with different crystal planes, the mass spectrum of the reac-
tion between AOR electrolyte (0.1 m KOH + 0.1 m NH3) and CF
was further tested. The fragment of m/z = 178.9 is attributable
to the fragments of [luminol + H]+ (Figure S19, Supporting In-
formation). HPLC analysis further certified the reaction prod-
ucts of AMC and luminol (Figure S20, Supporting Information).
The above results further indicated that AMC and luminol were
formed during AOR process in the presence of the probe CF.
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Figure 5. a) Transition state images of *NH3 to *N2H4 on Pt(100)/C and Pt(111)/C. b) Free energy diagram of electrochemical ammonia oxidation on
Pt/C with different exposed crystals. c) Formation energies (eV) of adsorbates.

To further verify the structural sensitivity of Pt crystal planes in
the generation kinetics of the N2H4 intermediates during AOR,
DFT calculated Gibbs free energies of AOR steps at Pt(100)/C and
Pt(111)/C interfaces. The calculated structure model (Figure 5a)
and Gibbs free energy distribution (Figure 5b) of N2H4 produced
in AOR process on Pt(100)/C and Pt(111)/C were further pre-
sented. Comparing the two surfaces, Pt(100)/C represents the
stronger binding affinity for *NH2 and the larger release energy
of *NH3 to *NH2, indicating that the generation rate of *NH2
on Pt(100)/C may be faster. In addition to stronger binding with
*NH2, Pt(100)/C also has stronger binding with *N2H4. Figure 5c
reveals the formation energy of N2H4 on Pt(100)/C and Pt(111)/C
during AOR. *NH2 is a candidate for participation in the pro-
posed rate-determining step involving dimerization to form N─N
bonds. The formation energy of *NH2 and *N2H4 on Pt(100)/C is
significantly lower than that on Pt(111)/C, that is, Pt(100)/C has
faster N2H4 formation rate than Pt(111)/C, resulting in a signifi-
cant difference in AOR reaction kinetics. Obviously, the theoreti-
cal calculation is consistent with the ECL analysis results, which
further indicates that the ECL system is reliable and capable of
quantitative detection of N2H4 intermediate and further deter-
mined the formation kinetics of N2H4 intermediate in the AOR
process.

Combined with ECL analysis, FL spectrum and CV data, N2H4
is clearly demonstrated to be an electrochemical AOR intermedi-
ates. As a consequence of these findings, Pt-based electrocatalysts

in alkaline media exhibit the following AOR mechanism under
the framework of Gerischer and Mauerer mechanism:

NH3(aq) → NH3(ads) (8)

NH3(ads) ↔ NH2(ads) + H+ + e− (9)

NH2(ads) + NH2(ads) → N2H4(ads) (10)

N2H4(ads) + 4OH− → N2 + 4H2O + e− (11)

NH2(ads) ↔ NH(ads) + H+ + e− (12)

NH(ads) → N(ads) + H+ + e− (13)

Initially, the adsorption of ammonia occurs on the catalyst
surface (Equation 8), followed by continuous dehydrogenation
(Equation 9). Then, with further dimerization occurring, N2H4,
an active intermediate during AOR, is formed by NH2(ads) cou-
pling in Equation 10. Next, N2H4 is continuously dehydrogenated
to form the final product of AOR, N2, which is the principal
component of the AOR peak (Equation 11). Equations 12 and 13
are supposed to represent side reactions that lead to the produc-
tion of the poison Nads, which is responsible for deactivating the
electrocatalyst.[50,51] More importantly, ECL analysis, DFT calcu-
lation and FES snapshots all indicate that N2H4 formation rate
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is faster on Pt(100) than Pt(111) interface. Research to date has
identified the following factors as being responsible for the more
outstanding AOR performance of Pt(100) crystal face: i) The crys-
tal face of Pt(100) is more conducive to the formation of *NH2, ii)
The dimerization reaction energy between *NH2 is lower on the
Pt(100) surface; iii) the electrochemical reaction may be acceler-
ated by the adsorption of OH, and the *OH is thermodynamically
stable on Pt(100) surface.[8]

3. Conclusion

In summary, this study focuses on the synthesis of a ECL ac-
tive probe (CF) for the in-depth study of the formation kinetics
of the N2H4 intermediates on Pt catalysts with different crystal
planes during AOR by using time-resolved ECL technology. The
obtained CF probe could fast and selectively react with N2H4,
releasing luminol that is used as the ECL probe. On this basis,
the probe is capable of reporting the level of N2H4 in real time
during AOR by ECL. Time-resolved ECL analysis indicates that
Pt(100) facet is found to exhibit superior N2H4 formation kinet-
ics compared to Pt(111) facet, which is consistent with DFT cal-
culations results. The FES presented a higher two-dimensional
concentration distribution on Pt(100) facet than Pt(111) facet, fur-
ther verifying the faster N2H4 formation rate on the Pt(100) facet.
Time-dependent fluorescence spectrum further confirmed the
dynamic changes of the generated N2H4 intermediate. All these
results reveal the fundamental reason for the superior reaction ki-
netics of the Pt(100) surface over the Pt(111) surface during AOR.
Accordingly, a mechanism by which N2H4 as an active interme-
diate lead to the main product N2 was proposed under the frame-
work of Gerischer–Mauerer. Therefore, this ECL active molecu-
lar probe offers not only a promising detection tool for evaluating
formation kinetics of the N2H4 intermediate on catalysts with dif-
ferent crystal faces in electrochemistry but also opens new doors
for in-depth understanding of AOR mechanisms and the design
of efficient electrocatalysts in energy conversion and storage ap-
plications.

4. Experimental Section
Electrochemical and ECL Measurement: All electrochemical measure-

ments were performed using a three-electrode system controlled by the
CHI 760E electrochemical analyzer system or ECL MPI-E II electrochemical
and chemiluminescence analysis system ECL. In all experiments, Ag/AgCl
and Pt wires were used as reference and counter electrodes, respectively.
A reserve solution of 2 mm CF was prepared in water and DMSO (v/v =
3:7). The homogeneous dispersion of Pt/C catalyst with different crystal-
lographic planes was prepared by mixing 2 mg mL−1 Pt/C catalyst dis-
persed in mixed solvent of isopropanol and DI water with 5% Nafion so-
lution. Cyclic voltammetry (CV) was performed in the potential window of
−1 to 0.5 V (vs Ag/AgCl) at 50 mV s−1 scan rate. For quantitative detection
of N2H4 intermediates during electrochemical AOR through ECL signals,
electrolytic reaction solution (50 μL) at different times were extracted and
reacted with 10 μL of CF probe (2 mm) immediately, then ECL process
were carried out in the electrolytic cell (0.01 m PBS + 0.05 mm H2O2). The
potential range of ECL was from 0 to 0.8 V (vs Ag/AgCl) at 50 mV s−1 scan
rate, and the photomultiplier tube (PMT) was set at 800 V.

Synthesis of Pt Cubes: 40 mg Pt(acac)2 were dissolved in 5 mL benzyl
ether, 3.68 mL oleylamine and 0.65 mL oleic acid under N2 atmosphere.
The reaction flask was then placed into a preheated oil bath. A solution
of 4 mg Mn2(CO)10 in 0.5 mL chloroform was injected into the reaction

mixture at 160 °C, and the reaction was allowed to heated to 240 °C. After
30 min of reaction at 240 °C, the solution was cooled down and the prod-
ucts were isolated by adding ethanol and centrifugation. The NCs were
washed with hexane three times and redispersed in hexane.

Synthesis of Pt Icosahedron: 40 mg Pt(acac)2 were dissolved in 5 mL
benzyl ether, 3.68 mL oleylamine and 0.65 mL oleic acid under N2 at-
mosphere. The reaction flask was then placed into a preheated oil bath.
A solution of 4 mg Mn2(CO)10 in 0.5 mL chloroform was injected into
the reaction mixture at 160 °C, and the reaction was allowed to heated to
190 °C. After 30 min of reaction at 190 °C, the solution was cooled down
and the products were isolated by adding ethanol and centrifugation. The
NCs were washed with hexane (containing 1% oleylamine) three times and
redispersed in hexane.

Synthesis of Pt(100)/C and Pt(111)/C Catalyst: Carbon blank (Vulcan
XC-72) was used as the support for Pt(100)/C and Pt(111)/C catalyst. For
the preparation of Pt/C catalyst materials, the amount of carbon and Pt
was calculated to obtain 35 mg of carbon-supported 20 wt.% Pt/C cat-
alyst. In a standard procedure, 28 mg of carbon blank was soaked 24 h
and dispersed by ultrasound for 1 h. Then, 7 mg Pt icosahedral or cubes
in 3 mL hexyl hydride were added and stirred 24 h. The as-prepared cata-
lyst materials were centrifuged and washed three times with acetone and
deionized water, followed by vacuum drying at 120 °C for 12 h to obtain
the final product.

Synthesis of CF (4-phtalamide-N-(4′-methylcoumarin) naphthalim-
ide): Before CF synthesis, compound 1 was synthesized. 2.59 mmol
3-nitrophthalic anhydride (500 mg) and 2.59 mmol 7-amino-4-
methylcoumarin (AMC) (454.1 mg) were added to a round-bottom
flask containing 50 mL acetic acid and heated to reflux for 4 h. After the
reaction was cooled to room temperature, the precipitate was filtered and
washed three times with ethanol. Yellow solid product 1 does not need
further purification and was directly used in the next reaction. 1 (0.5 g,
1.42 mmol), Pd/C (5%, 0.05 g), and methanol with 5% DMSO (30 mL)
were added to a thick-walled pressure flask with a guiding air interface
and then sealed. The reaction was fed into H2 (1.0 MPa) and stirred
overnight at room temperature. The resulting yellow solid powder CF was
filtered and washed three times with water.
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the author.
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