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precursors as carbon resources[25] or 
adjusting carbonization temperature during 
synthesis.[28–30] For instance, Ajayan and co-
workers synthesized nitrogen-doped carbon 
nanotubes and found out that pyridinic 
and graphitic nitrogen atoms show high 
activities for the electroreduction of both 
CO2 and H2O, while pyrrolic nitrogen only 
presents good activity for CO2 reduction 
but much more sluggish toward HER.[26] 
Although Wentrup and Winter have previ-
ously shown that pyridinic nitrogen can be 
converted into pyrrolic nitrogen by thermal 
nitrene–nitrene rearrangements,[31] the 
postgrowth tuning of nitrogen dopant 
structures has seldom been reported.[32]

As different nitrogen types such as pyridinic, pyrrolic, and 
graphitic N have clearly different affinity to water molecules,[26] 
we hypothesize that one might use hot steam etching to tune 
the ratio of different nitrogen atoms in carbon frameworks. 
Steam etching is a traditional method to etch carbon to form 
carbon monoxide. Due to their stronger water affinity, the pyri-
dinic and graphitic nitrogen atoms are more prone to induce 
the steam etching of its adjacent carbon atoms, which may 
break its original planar structure to a nonplanar one. Thus, 
the steam-etched nitrogen-doped carbon frameworks may 
exhibit an increased pyrrolic N level and subsequently a much 
enhanced selectivity of CO2 electroreduction.

In this work, we have designed a steam etching strategy to 
tune the nitrogen dopant types and levels, for superior capa-
bility of electrochemical CO2RR. Figure 1a shows the fabrica-
tion steps of nitrogen-doped carbon-wrapped carbon nanotubes 
(CN-CNTs) and transformation of nitrogen type via steam 
etching. H2O molecules prefer to bind to carbon atoms around 
graphitic and pyridinic nitrogen and lead to selective etching. 
After the steam etching, pyrrolic nitrogen becomes the majority 
nitrogen form in the obtained nitrogen-doped carbon network 
(designed as CN-H-CNT), with a much increased level from 
22.1 to 55.9% among the total N species. This steam-etched 
CN-H-CNT catalyst enables excellent CO2RR performance but 
low HER activity (Figure 1b), with a high CO2RR selectivity 
(≈88%) toward the formation of CO under −0.5 V versus revers-
ible hydrogen electrode (RHE).

The optical photograph (Figure S1, Supporting Informa-
tion) and scanning electron microscopy images of the pure 
CNT (Figure 2a), steam-treated CNT (H-CNT, Figure 2b), 
nitrogen-doped CNT (CN-CNT, Figure 2c), and steam-treated 
nitrogen-doped CNT (CN-H-CNT, Figure 2d) do not show sig-
nificant difference in their appearance or surface morphologies 
(see Methods in the Supporting Information). Transmission 

Nitrogen-doped carbon structures have recently been demonstrated as a 
promising candidate for electrocatalytic CO2 reduction, while in the mean-
time the pyridinic and graphitic nitrogen atoms also present high activi-
ties for electroreduction of water. Here, an etching strategy that uses hot 
water steam to preferentially bind to pyridinic and graphitic nitrogen atoms 
and subsequently etch them in carbon frameworks is reported. As a result, 
pyrrolic nitrogen atoms with low water affinity are retained after the steam 
etching, with a much increased level of among all nitrogen species from 22.1 
to 55.9%. The steam-etched nitrogen-doped carbon catalyst enables excellent 
electrocatalytic CO2 reduction performance but low hydrogen evolution reac-
tion activity, suggesting a new approach for tuning electrocatalyst activity.
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CO2 Reduction

The fast growing utilization of fossil fuels has been leading 
to a significant increase of CO2 emission in the past several 
decades, with the CO2 level in the atmosphere has surpassed 
400 ppm by 2016.[1] The electrochemical CO2 reduction reac-
tion (CO2RR) in aqueous electrolytes has been regarded as a 
promising carbon neutral route,[2–4] in which hydrogen evolu-
tion reaction (HER) plays as a major competing side reaction. 
Metal-based electrocatalysts such as Cu, Au, Ag, and Sn have 
been demonstrated good CO2RR activities over HER,[5–8] with 
research focused on tuning catalyst particle size,[7,9–11] mor-
phology,[12,13] defect,[14,15] and grain boundaries.[8,16–18]

Carbon-based materials have been widely used for energy 
storage and conversion.[19–21] Recently, nitrogen-doped carbon 
materials have been attracting substantial attention as CO2 elec-
trochemical catalysts, and their catalytic selectivity and activity 
strongly depend on the nitrogen doping level and dopant 
types.[22–27] Different nitrogen dopant types and concentrations in 
carbon materials have generally been achieved by using different 
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electron microscope (TEM) images reveal that the diameters 
of pristine and stream-treated CNTs are around 10 nm (insets 
in Figure 2a,b). After the growth of nitrogen-doped carbon, 
the sizes increase to 30–40 nm (insets in Figure 2c,d). The 
Raman spectra of four CNT materials show characteristic D 
and G bands at around 1400 and 1600 cm−1 (Figure 2e), asso-
ciated with disordered sp2 hybridized carbon and crystalline 
graphitic carbon, respectively.[25] The second-order G bands 
(G′, 2686 cm−1) of CN-CNTs and CN-H-CNTs are much weaker 
than CNTs and H-CNTs, as the graphitic CNT cores are covered 
by N-doped carbon with large amount of defects. The inten-
sity ratio between these D and G bands (ID/IG) is 0.54 for the 

CN-CNTs, higher than that of the pristine 
CNTs (0.19), indicating the introduction of 
defects by N doping. After steam etching, the 
ID/IG ratios of H-CNT and CN-H-CNTs are 
increased to 0.53 and 0.63, respectively, sug-
gesting that the steam etching creates more 
defects.

X-ray photoelectron spectroscopy (XPS) 
was carried out to investigate the chemical 
states of the nitrogen dopants (Figure S2, 
Supporting Information, for O 1s and C 1s). 
The high-resolution N 1s spectra of CN-CNTs 
and CN-H-CNTs are displayed in Figure 3a,b, 
respectively. Both spectra can be deconvo-
luted into four subpeaks at around 398.2, 
400.5, 401.3 and 403.4 eV, corresponding 
to the four nitrogen configurations, that is, 
pyridinic, pyrrolic, graphitic, and oxidized N 
in the carbon network, respectively.[32] The 
nitrogen contents before and after steam 
etching are summarized in Figure 3c. For 
CN-CNTs, the atomic percentages of pyri-
dinic, pyrrolic, graphitic, and oxidized N 
among all the nitrogen species are 19.2, 
22.1, 40.5 and 18.2%, respectively. For CN-
H-CNTs, the percentages of pyridinic, gra-
phitic, and oxidized N atoms decrease to 9.8, 
24.9 and 9.4%, respectively, while pyrrolic N 
increases substantially from 22.1 to 55.9%, 
indicating its predominant existence in CN-
H-CNTs after the steam etching. The total 
nitrogen percentages in CN-CNTs and CN-H-
CNTs are 6.3 and 6.9% before and after the 
steam etching, respectively (Figure 3d), sug-
gesting the similar etching rates of nitrogen 
and carbon atoms. Taken together, it can be 
concluded that different etching selectivity 
is clearly associated with the nitrogen types 
in the carbon frameworks, in which pyrrolic 
N remains as the most stable structure upon 
steam etching.

The electrochemical CO2RR was then 
evaluated for these catalysts in a three-elec-
trode format in a CO2-saturated electrolyte 
(see Methods in the Supporting Informa-
tion). Cyclic voltammetry (CV) curves show 
that CN-H-CNTs have the lowest onset 

potential of −0.2 V versus RHE, and the largest current den-
sity (Figure 4a), suggesting its highest electrocatalytic activity. 
The electrochemically active surface areas (ECSAs) of these 
three catalysts were evaluated by electrochemical double-layer 
capacitance (Cdl). The electrochemical double-layer capacitances 
of the CN-H-CNTs, CN-CNTs, and H-CNTs are calculated as 
5.34, 3.11 and 0.49 µF cm−2, respectively (Figure S3, Supporting 
Information). The highest electrochemical capacitance of CN-
H-CNT indicates its largest effective electrochemical area for 
electrocatalysis among these samples.

The faradic efficiencies (FE) of these catalysts for CO forma-
tion (FECO), HER (FEH2), and methane formation (FECH4) were 
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Figure 1. Schematic illustration of the synthesis of CH-H-CNTs and catalytic ability for CO2 
and H2O transformation. a) Fabrication of CN-H-CNTs and transformation of nitrogen types 
by H2O (steam) etching. b) CO2 electrochemical reduction capability of CN-H-CNTs and 
passivation for HER reaction.
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measured by in-line gas chromatography. In all three cases, 
the FE values of these gas products were added to over 95%, 
and no other liquid products were detected. For CN-H-CNTs 
(Figure 4b), the FE of CO formation (FECO) increases from 
−0.3 to −0.5 V versus RHE and reaches maximum (≈88%) at 

−0.5 V, with FE of water reduction (FEH2) synchronically drops 
in the same voltage range to <≈10% at −0.5 V. As for CN-CNTs 
(Figure 4c), the peak of FECO accounts for ≈60% of current den-
sity at −0.6 V versus RHE, accompanying by the significantly 
higher FEH2 to ≈40%. As a control, H-CNTs show almost no 
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Figure 2. SEM images of a) CNTs, b) H-CNTs, c) CN-CNTs, and d) CN-H-CNTs. Scale bars in (a)–(d): 500 nm. Insets: corresponding TEM images for 
each sample. Scale bars in insets: 10 nm. e) Raman spectra of CNTs, H-CNTs, CN-CNTs, and CN-H-CNTs.

Figure 3. XPS spectra and atomic distributions of CN-CNTs and CN-H-CNTs. Representative XPS spectra of N 1s for a) CN-CNTs and b) CN-H-CNTs. 
Summary of N atomic contents and total atomic concentrations in c) CN-CNTs and d) CN-H-CNTs.
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activity for CO2RR but predominantly HER (Figure 4d), due 
to the lack of nitrogen dopants. As suggested in Ajayan’s theo-
retical calculations, pyrrolic N provides excellent capabilities for 
CO2 reduction and HER suppression. To verify the HER sup-
pression ability of pyrrolic N, CV tests of CN-H-CNTs and CN-
CNTs were carried out in an Ar-saturated electrolyte (Figure S4, 
Supporting Information). The onset potential of CN-H-CNTs 
was 83 mV more negative than that of CN-CNTs, indicating 
the requirement of more energy for HER to take place on the 
surface of CN-H-CNTs. Thus, CN-H-CNTs have the highest 

pyrrolic N concentration, and subsequently the best selectivity 
and activity toward CO2 reduction among three catalysts.

The reaction kinetics for the CO formation was analyzed 
by the Tafel slopes of the logarithm of CO partial current den-
sity (i.e., log jco), as shown in Figure 4e. The measured Tafel 
slope for CN-H-CNTs is 0.124 V dec−1, lower than that of 
CN-CNTs (0.230 V dec−1) and H-CNTs (0.534 V dec−1). These 
results demonstrate that CN-H-CNTs have more rapid kinetic 
activities.[15] For CN-H-CNTs, the Tafel slope is close to the 
value of 0.118 V dec−1, suggesting that the rate-determining 
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Figure 4. Electrochemical CO2 reduction performance. a) CV curves for CN-H-CNTs, CN-CNTs, and H-CNTs in CO2-saturated 0.1 m KHCO3 electrolyte. 
The scan rate was 20 mV s−1. Faradaic efficiency for CO, H2, and CH4 versus potential on b) CN-H-CNTs, c) CN-CNTs, and d) H-CNTs, respectively.  
e) Tafel plots for CO formation on CN-H-CNTs, CN-CNTs, and H-CNTs. f) Stability of faradaic efficiency of CN-H-CNTs for CO2 reduction at the poten-
tiostatic mode of −0.5 V versus RHE.
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step of CO2RR is the acquisition of an electron by CO2 to form 
a surface adsorbed CO2

•− intermediate.[33–36] The stability meas-
urement for CN-H-CNTs was carried out by the potentiostatic 
method at −0.5 V versus RHE for 24 000 s (Figure S5, Sup-
porting Information). The current density shows a quick drop 
at the beginning and then remains almost stable after 1200 s. 
This initial drop can be attributed to the fast consumption of 
CO2 near the electrode, similar to previous reports.[33,35] None-
theless, the faradic efficiency of CO2 reduction still presents a 
good retention, with FECO changing from 84.4 to 50.2%) after 
the 24 000 s period (Figure 4f), suggesting the good electro-
catalytic stability of the CN-H-CNTs. The stability measurement 
for CN-CNTs was also carried out for comparison (Figure S6, 
Supporting Information), which shows that the steam treat-
ment can slightly improve the catalytic stability of faradic effi-
ciency. To verify the reason of deactivation, we investigated the 
chemical states of nitrogen dopants after 25 000 s stability test 
(Figure S7a, Supporting Information). The atomic percentages 
of pyridinic, pyrrolic, graphitic, and oxidized N were 11.4, 51.9, 
30.2, and 6.5%, respectively (Figure S7b, Supporting Informa-
tion), no obvious differences compared with the original one. 
However, the atomic concentration of N dropped from 6.9 to 
4.0% (Figure S7c, Supporting Information), which could be the 
cause of deactivation.

In conclusion, we have developed a unique steam-etching 
approach for tuning the configurations of nitrogen dopants in 
carbon frameworks. The carbon atoms around pyridinic and 
graphitic N are more prone to be etched by steam due to their 
stronger binding capability to water molecules, thus resulting in 
a much enhanced pyrrolic N dopant percentage. The obtained 
CN-H-CNT catalyst shows an excellent CO2 reduction cata-
lytic activity and HER suppression, with a maximum faradaic 
efficiency of ≈88% toward the formation of CO under −0.5 V 
versus RHE. This work suggests a new strategy for adjusting 
intrinsic configuration of nitrogen-doped carbon materials and 
developing efficient and robust catalysts for carbon cycle.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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