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ABSTRACT: Identifying the active sites on graphene oxide (GO)
nanosheets is of great importance. In situ electroreduction at
different potentials is applied to control the oxygenated groups on
GO surfaces. Both experiments and theoretical calculations suggest
the CO group is critical for N2 adsorption and activation,
guaranteeing the ambient electrocatalytic N2 reduction.

Ammonia (NH3) has become the second-largest produced
chemical around the word (170 million tons every year),

as it is the basic sector of fertilizer, refrigerant, medicament,
dye, resin, and other important chemical feedstocks.1 NH3
possesses a large hydrogen content (17.7 wt %) and a high
gravimetric energy density (3 kW h kg−1), and it is technically
ready for operation, thereby being regarded as an ideal energy
carrier and a promising storage intermediate for renewable
energy sources.2 Currently, the industrial production of NH3
highly relies on the Haber-Bosch process. However, this
process requires high temperatures (550 °C) and elevated
pressures (>200 atm) to accelerate the sluggish reaction
kinetics, owing to the extremely stable and inert nitrogen
molecules (941 kJ mol−1) due to the strong triple bond.3

Meanwhile, this process takes fossil fuels as the precursor and
generates significant CO2 emission, and thus it will create
serious environmental concerns.4 As a result, seeking a new
and sustainable approach associated with efficient catalysts to
favor the N2 reduction at a low temperature and pressure
remains an elusive challenge and is highly demanded.
Since the first attempt by Davy et al. in 1807, the

electrochemical approach is demonstrated to offer the hope
to synthesize NH3 under mild conditions.5 Protons and
electrons are directly used to facilitate the reduction of
atmospheric N2, which can be powered by renewable
electricity.6,7 Intensive efforts are made in designing and
preparing metal-based electrocatalysts for the nitrogen
reduction reaction (NRR), including Ru,8,9 Au,10,11 Pd,12

Mo,13,14 Fe,15 Cr,16 and Bi.2 In addition, B4C,
17 boron

nanosheets,18 black phosphorus nanosheets,19 B−N pairs,20

and other metal-free materials have attracted much attention,
not only because they are inexpensive but also because they are

attributed to their reducing environmental impact that can
avoid metal ion release.21−25 Graphene is a classic metal-free
material with unique properties, and appropriate surface
functionalization can provide efficient sites for N2 fixation;26

recently, boron-doped graphene,27 fluorographene,28 and
sulfur dots-graphene29 have all exhibited a boosted perform-
ance for NRR.
The NH3 synthesis from ambient N2 involves six electron-

coupled transfer steps, described as N2 + 6H+ + 6e− →
2NH3.

30 An efficient catalyst is required to benefit the
adsorption of N2 on a surface, and it is followed by successive
NN bond breaking and N−H bond formation, associated
with consecutive proton hydrogenation. Generally, the
chemisorption and sufficient activation of N2 molecules is
considered as the prerequisite for NRR. Therefore, the
interactions between catalyst and N2 as well as corresponding
intermediates should be paid great efforts for the mechanism
study. In this study, we envisioned graphene oxide (GO)
nanosheets as the NRR catalyst. There are plenty of
oxygenated groups, including OH, O−C−O, CO, and
COOH bonds on the surface. We made efforts to recognize
and distinguish their effects in NRR. On the basis of
experimental measurements and theoretical calculations, we
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suppose the CO group takes the pivotal role in the ambient
electrocatalytic N2 reduction.
GO dispersion is dropped onto a clean carbon paper (CP)

by the spin-coating method to form a uniform thin film
covering the whole CP electrode. At first, its electrochemical
behavior is studied by cyclic voltammetry (CV) using a three-
electrode system in the 0.1 M Na2SO4 solution, with the raw
GO material, a graphite rod, and Ag/AgCl as the working
electrode, counter electrode, and reference electrode, respec-
tively. In evidence, a significant reduction peak is clearly
observed on GO at −0.67 V versus a reversible hydrogen
electrode (RHE) (Figure 1a). Since there are abundant

oxygenated groups on the surface, this peak should be ascribed
to the reduction of these oxygen-related species. In the second
scanning cycle, this peak becomes much weaker and almost
disappears, demonstrating the surface oxygenated groups can
be easily and irreversibly removed.31 Of note, this electro-
reduction peak is quite broadened, with the half-peak width of
∼0.2 V. This suggests these decorated groups can be reduced
in control via applying appropriate potentials, and thus it offers
the opportunity to study their individual roles in NRR. The in
situ electroreduction is thereby performed at a constant
potential in the range from −0.6 to −0.2 V for 100 s, and the
obtained samples are denoted as ERGO-X, with X representing
the specific applied reduction potential. As a typical example,
ERGO-0.4 is studied in detail. Figure 1b presents its X-ray
diffraction (XRD) pattern. There are no obvious diffraction
peaks except for the CP signals at 26.6° and 54.5°, indicating
the formation of an amorphous phase. A scanning electron
microscopy (SEM) image is shown in Figure S1. A
transmission electron microscopy (TEM) image demonstrates
its thin sheetlike configuration, with some stacking and strips
observed on surface (Figure 1c).
To examine the NRR performance on ERGO-0.4, we

performed the electrochemical test using a two-compartment
cell with a Nafion 211 membrane separating the anode and
cathode chambers. The NRR activity is evaluated at potentials
before the reduction current of oxygenated groups appearing.
Figure 2a compares the linear sweep voltammetry (LSV)
curves measured on ERGO-0.4 in the N2- and Ar-saturated 0.1
M Na2SO4 electrolyte, normally by the geometric area of CP
electrodes. A lower recorded curve with a higher current
density under the N2 environment is discerned, indicating the
occurrence of NH3 generation from N2 reduction. After 2 h of
NRR electrocatalysis at specific potentials, the electrolyte is
colored and withdrawn to analyze the obtained products by
ultraviolet−visible (UV−vis) spectrophotometry.
The desired NH3 product is determined by the indophenol

blue method, and the byproduct N2H4 is investigated by the
Watt and Chrisp method. The corresponding time-dependent
current density curves exhibit relatively steady configuration as
recorded in Figure 2b, implying ERGO-0.4 is chemically stable

during the ambient N2 reduction. Figure 2c shows the
collected absorption spectra of the electrolytes stained with
the indophenol indicator after electrolysis for another 2 h.2 On
the basis of calibration (Figures S2 and S3), ERGO-0.4 delivers
the highest NH3 yield of 9.9 μg h−1 mg−1 at −0.04 V with the
corresponding faradaic efficiency (FE) of 38.1% (Figure 2d).
Although this activity is inferior to some reported metal-based
materials, the applied potential here is extremely small and thus
leads to a high FE value. In the meantime, its capability is
comparable to the defect-rich fluorographene nanosheets30 and
also some recent reported NRR electrocatalysts [Table S1]. Of
note, there is no N2H4 detected after the reaction, confirming
the excellent selectivity of ERGO-0.4 for NH3 synthesis
(Figure S4). Furthermore, the stability is evaluated by a long-
time NRR measurement with the current density versus time
(i-t) curve as shown in Figure 2e, where a stable current
density response without obvious fluctuation is observed for 30
h. Recycling experiments are also conducted, and the yield
shows minor change during five consecutive cycles, implying
its superior long-time operation behavior (Figure 2e).
Control experiments are executed to examine the interfer-

ence from environmental contamination and verify the N
source of the produced NH3. A bare CP electrode shows much
low NH3 concentration in the N2 saturated electrolyte at the
same potential for 2 h (Figure 2f). In addition, ERGO-0.4 in
the N2-saturated medium at the open-circuit potential also
presents no apparent NH3 generation. Besides, when N2
dissolved in the electrolyte is exhausted by an Ar purge,
there is still no obvious NH3 signal measured. Their absorption
spectra are collected in Figure S5. The minor detected NH3
absorbance can be attributed to the trace amount of NH3 from

Figure 1. (a) CV curves of GO in the 0.1 M Na2SO4 solution. (b)
XRD and (c) TEM image of ERGO-0.4.

Figure 2. NRR performance on ERGO-0.4. (a) LSV curves in N2- and
Ar-saturated electrolyte. (b) Time-dependent current density curves
at different potentials. (c) UV−Vis spectra with indophenol indicator
after the NRR reaction at different potentials. (d) Yield of NH3 and
corresponding FEs. (e) Long-time operation and repeated NRR
performance measurement at −0.04 V. (f) mNH3 under a series of
conditions.
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air contamination.2 The 1H NMR spectra demonstrate only
15NH4 was observed when using 15N2 as the feeding gas
(Figure S6). The static experiment with an intermittent N2
supply reveals the high dependence of the reduction current
density on N2 (Figure S7). Figures S8 and S9 demonstrate the
highly linear relationship between the ammonia production
and reaction time. These results convincingly confirm the NH3
is produced from N2 electrochemical reduction on ERGO-0.4
in the ambient environment.
To distinguish the effects of an individual oxygenated

functional group on N2 reduction and identify the actual sites
for NH3 generation, we used the chronoamperometry strategy
at different potentials to prepare ERGO with controllable
oxygenated groups. Figure 3a shows the original peak intensity

will become smaller when a larger reduction potential is
applied. As the potential increases to −0.6 V, this reduction
peak gets flat and almost disappears (inset in Figure 3a). The
electrochemically active surface area (ECSA) is evaluated by
running the CV at different scanning rates in the double-layer
potential region. Figure S10 illustrates that ERGO-0.6
possesses a much smaller charging/discharging capacitance
when compared with ERGO-0.4, which confirms the
realization of a controllable and partial reduction of the
surface oxygen species. The NRR performance on ERGO-0.2
and ERGO-0.6 are summarized in Figures S11 and S12. Figure
3b compares the NH3 yields of ERGO-0.2, -0.4, and -0.6, all of
which are collected from at least three individual measure-
ments based on separated electrodes. ERGO-0.4 attains a
comparable performance as that of ERGO-0.2, while ERGO-
0.6 exhibits significantly reduced NRR activity. Electro-
chemical impedance spectroscopy (EIS) data present an
apparently smaller semicircle on ERGO-0.4 than on ERGO-
0.6, confirming the significant activity decrease from −0.4 to
−0.6 V reduction (Figure S13). These results indicate the
changes in surface structure and chemical environment from
−0.4 to −0.6 V reduction are essential to determine the NRR
activity.
X-ray photoelectron spectroscopy (XPS) measurement is

further conducted to investigate the chemical composition
change and environment variation during the potential-
dependent electroreduction process. For the C 1s spectra as
shown in Figure 3c,d and Figure S14a, there are four
deconvoluted peaks located at 284.8, 285.6, 287.2, and 288.8

eV, which are attributed to the C−C, C−O, CO, and O−
CO bonds, respectively.32 The CO/C−C ratio decreases
from 1.18 to 1.08 and further to 0.22 when the reduction
potential changes from −0.2 to −0.4 and −0.6 V.
Correspondingly, the O/C atomic ratio decreases from 0.43
to 0.40 and further to 0.18. The relative O−H peak intensity
gets smaller as the applied potential turns from −0.2 to −0.4 V
(Figures S14b and S15). Besides, the OC peak of the O 1s
signal becomes significantly less when the reduction potential
increases from −0.4 to −0.6 V (Figure S15). Combing this
with the above electrocatalytic performance results, we
suppose the CO group is the active site for NRR activity
on GO. In addition, Raman and FTIR spectra are collected for
further vibration information analysis. In Figure 3e, the peaks
at 1320 and 1590 cm−1 belong to the characteristic D band and
G band of carbon materials, representing the defects of carbon
lattice atoms and the plane vibration of ordered graphite
structure, respectively.33 The ID/IG ratios for ERGO-0.4 and
ERGO-0.6 are 1.31 to 1.26, revealing more oxygen species are
reduced under a higher reducing potential. They are both
substantially larger than pure GO nanosheets (Figure S16),
indicating the decrease in size of the in-plane sp2 domains.31

Fourier transform infrared (FTIR) spectra confirm that the
majority of the CO groups located at 1796 cm−1 are reduced
(Figure 3f).34,35 These are consistent with the above XPS
discussions.
Density functional theory (DFT) calculations are further

performed to identify the potential of individual oxygen species
for NRR and to understand the underlying reaction
mechanism. As the first starting step, efficient molecular N2
fixation and activation are the prerequisites for following the
ammonia synthesis pathway. A variety of N2 adsorption
configurations on the graphene-based substrates is constructed.
After optimization, it is found the N2 molecule is far from the
pristine graphene surface with the distance larger than 3 Å. The
similar phenomenon is observed on the graphene sheets with
OH and O−C−O modifications, manifesting that the N2
molecules cannot be adsorbed on a graphene surface with
these oxygenated group modifications (Figure S17). In
contrast, Figure 4a shows the CO group on graphene can
interact with N2 tightly, with the two N atoms combining with
the C and O atoms, respectively, in the side-on adsorption
configuration. The average distance between the N2 and CO
groups is 1.45 Å, indicating a strong adsorption at the interface.
Figure 4b suggests the NN bond length is elongated from
1.10 Å of free N2 molecular to 1.24 Å in the adsorbed case,
accompanied by the CO bond length increasing from 1.22
to 1.46 Å.
Meanwhile, the vibration frequency of the CO bond

decreases from 1769.4 to 1768.9 cm−1 after the N2 adsorption.
Besides, the charge density difference (CDD) calculation
shown in Figure 4c presents a two-way charge transfer process
for the adsorption with charge accumulation and depletion
simultaneously occurring on the adsorbed N2 molecule. This
phenomenon is in accordance with the “acceptance-donation”
electron reservoir for NRR as described before.36 Figure 4d
shows the corresponding projected density of states (PDOS)
calculation, in which the CO group provides more
hybridization with N2. These are consistent with our
experimental observations, illustrating that CO plays a
critical role for N2 fixation and activation. It is noted that the
COOH group also contains the CO counterpart, and Figure
S18 shows COOH can also combine with N2 strongly, further

Figure 3. (a) CV curves on a series of ERGO materials. (inset) The
magnification of CV curves measured on ERGO-0.6. (b) NH3 yield
comparison between ERGO-0.2 (three times), ERGO-0.4 (five
times), and ERGO-0.6 (three times). XPS spectra of C 1s for (c)
ERGO-0.4 and (d) ERGO-0.6. (e) Raman and (f) FTIR spectra for
ERGO-0.4 and ERGO-0.6.
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strengthening the efficiency of CO for N2 adsorption and
activation. All of these discussions and N2 adsorption cases are
schematically illustrated in Figure 4e. In addition, we find the
NH2 intermediate is loosely adsorbed with CO decorated
graphene (+0.13 eV), which can facilitate the NH3 release and
guarantee the NRR process proceeding forward (Figure
S19).37 In the meantime, the H atom demonstrates an
inefficient adsorption, implying a low activity for hydrogen
evolution, consisting of the high FE efficiency.
In summary, GO has been demonstrated as an efficient

metal-free catalyst to be used in the hydrogenation of N2 to
NH3 under ambient conditions. In situ electroreduction is
employed to controllably reduce the oxygenated groups on
surface. Combining the experimental observations and the
DFT calculations, the CO group is found to play a critical
role for the N2 molecule fixation following the acceptance-
donation mechanism. Meanwhile, the CO group affords a
weak adsorption for the NH2 intermediate. These are
conducive to N2 activation and to the NRR proceeding. We
hope this study can provide new guidance for the rational
design and further development of carbon-based materials.
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