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proceeds under the ambient reaction con-
dition and can be driven by intermittent 
electricity produced by renewable energy 
sources.[9–20]

Recently, a vast variety of catalysts have 
been developed to produce syngas via the 
electroreduction of CO2.[21–31] For example, 
carbon supported palladium (Pd/C) was 
demonstrated to convert CO2 to syngas 
with CO/H2 ratios ranging from 1:2 to 
1:1 by manipulating the applied potential 
from −0.5 to −0.6 V vs. reversible hydrogen 
electrode (RHE).[32] As another example, 
through the variation of potential from 
0.07 to −0.33 V vs. RHE, tunable CO/H2 
ratios in a large range between 2:1 and  
1:4 were achieved over Cu/ZnO catalysts 
via the photoassisted electrochemical 
conversion of CO2.[33] In the above cases, 
tunable ratios of syngas was achieved 
through the change of applied potential, 
thus syngas with certain ratios was inevi-
tably produced under low overpotential. 

Unfortunately, the current density of syngas at low overpotential 
was commonly on the scale of 1 mA cm−2. As a metric relevant 
to solar fuel synthesis, the current density of 10 mA cm−2 is 
required for syngas production.[34] Therefore, it is of significant 
importance to develop catalysts for tunable syngas production 
with a wide ratio of CO/H2 above such current density, which 
remains as a grand challenge.

Herein, we developed cadmium sulfoselenide (CdSxSe1−x) 
alloyed nanorods, which enabled the widest range of syngas 
proportions ever reported at the current density above 
10 mA cm−2 in CO2 electroreduction. Among CdSxSe1−x 
nanorods, CdS nanorods exhibited the highest Faradaic effi-
ciency (FE) of 81% for CO production with a current density 
of 27.1 mA cm−2 at −1.2 V vs. RHE. The decrease of x value 
in CdSxSe1−x nanorods enhanced the FE for H2 production. 
At −1.2 V vs. RHE, the ratios of CO/H2 in syngas varied from 
4:1 to 1:4 with the x value switching from 1 to 0 in CdSxSe1−x 
nanorods. In particular, CdS0.43Se0.57 and CdS0.22Se0.78 nanorods 
produced syngas with CO/H2 ratios of 1:1 and 1:2, respectively. 
Notably, all proportions of syngas were achieved with current 
density higher than ≈25 mA cm−2. During the potentiostatic 
tests, CdSxSe1−x nanorods exhibited excellent long-term sta-
bility. Mechanistic study revealed that the increased Se content 
in CdSxSe1−x nanorods strengthened the binding of H atoms, 
leading to the increased coverage of H* and thus the enhanced 
selectivity for H2 production in CO2 electroreduction.

Electroreduction of CO2 is a sustainable approach to produce syngas with 
controllable ratios, which are required as specific reactants for the optimiza-
tion of different industrial processes. However, it is challenging to achieve 
tunable syngas production with a wide ratio of CO/H2, while maintaining 
a high current density. Herein, cadmium sulfoselenide (CdSxSe1−x) alloyed 
nanorods are developed, which enable the widest range of syngas propor-
tions ever reported at the current density above 10 mA cm−2 in CO2 elec-
troreduction. Among CdSxSe1−x nanorods, CdS nanorods exhibit the highest 
Faradaic efficiency (FE) of 81% for CO production with a current density of 
27.1 mA cm−2 at −1.2 V vs. reversible hydrogen electrode. With the increase 
of Se content in CdSxSe1−x nanorods, the FE for H2 production increases. 
At −1.2 V vs. RHE, the ratios of CO/H2 in products vary from 4:1 to 1:4 on 
CdSxSe1−x nanorods (x from 1 to 0). Notably, all proportions of syngas are 
achieved with current density higher than ≈25 mA cm−2. Mechanistic study 
reveals that the increased Se content in CdSxSe1−x nanorods strengthens the 
binding of H atoms, resulting in the increased coverage of H* and thus the 
enhanced selectivity for H2 production in CO2 electroreduction.

Electrocatalysis

As the mixture of CO and H2, syngas serves as an important 
feedstock in the petroleum industry for synfuel production.[1] 
In practical applications, specific ratios of CO/H2 in syngas are 
required for the optimization of different industrial processes.[2] 
Typically, a CO/H2 ratio of 1:2 is desired for Fischer–Tropsch 
synthesis, whereas the hydroformylation process holds the 
optimal CO/H2 ratio of 1:1. Currently, syngas with tunable 
compositions is mainly produced by two mature technologies, 
including coal gasification and natural gas reforming.[3] The 
dependence on nonrenewable fossil fuels drives researchers 
to explore sustainable alternatives for tunable syngas produc-
tion.[4,5] Owing to the abundance and nontoxicity, CO2 and 
water serve as ideal carbon and hydrogen sources of syngas, 
respectively.[6,8] Given the combination of CO2 reduction and 
water splitting, electroreduction of CO2 into syngas in aqueous 
electrolyte is particularly appealing, because this process 
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In a typical synthesis of CdSxSe1−x nanorods, different 
molar ratio of S/Se powder and a certain amount of hydra-
zine hydrate (N2H4) were added into ethylenediamine (EDA) 
solution containing CdCl2 precursor in sequence. The mix-
ture was then transferred into a Teflon-lined stainless steel 
autoclave and maintained at 140 °C for 12 h. Here, x was 
determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). As shown in the scanning electronic 
microscopy images, all the products took the nanorod mor-
phology (Figure S1, Supporting Information). Transmission 
electron microscopy (TEM) images of individual nanorods 
were provided to analyze the influence of Se content on 
the size of nanorods (Figure S2, Supporting Information). 
Regardless of the Se content in CdSxSe1−x nanorods, the width 
of nanorods was ≈6 nm (Table S1, Supporting Information). 
In contrast, due to the different binding energy of EDA mol-
ecules on the crystal facets of CdS and CdSe, the rod length 
and aspect ratio decreased with the increase of Se content 
in CdSxSe1−x nanorods.[35] Figure 1a–c shows the high-res-
olution TEM (HRTEM) images of CdS0.75Se0.25, CdS0.5Se0.5, 
and CdS0.25Se0.75 nanorods, demonstrating that CdSxSe1−x 
nanorods were crystalline. In addition, as indicated by HRTEM 
images in Figure S3 (Supporting Information), pure CdS and 

CdSe nanorods possessed a lot of defects as well, suggesting 
the defects in nanorods were not attributed to the alloyed 
structure. As shown by the high-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) 
images of CdSxSe1−x nanorods, the arrangement of Cd atoms 
clearly exhibited wurtzite structure without surface migration  
(Figure 1d–f). Along the [002] directions in HAADF-STEM 
images, the intensity profiles clearly demonstrated the 
increased interplanar spacings of (002) facets with the increase 
of Se content in the alloyed nanorods (Figure 1g–i).

In order to validate the alloyed structure of CdSxSe1−x 
nanorods, we performed the elemental analysis. Figure 2a–c 
shows the HAADF-STEM images and the corresponding 
energy-dispersive X-ray (EDX) elemental mapping of individual 
CdSxSe1−x nanorod. Regardless of the Se content in CdSxSe1−x 
nanorods, the Cd, S, and Se elements completely overlapped 
the nanorods. The compositions of CdSxSe1−x nanorods were 
further confirmed by the EDX spectra (Figure S4, Supporting 
Information). Figure 2d–i shows the line-scanning profiles 
along the center and terminal of the CdSxSe1−x nanorods, 
which further demonstrated that Cd, S, and Se were homog-
enously distributed in the whole CdSxSe1−x nanorods without 
spatial segregation.
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Figure 1. a–c) HRTEM images of typical CdS0.75Se0.25, CdS0.5Se0.5, and CdS0.25Se0.75 nanorods. d–f) HAADF-STEM images of the parts marked in panel 
a–c. g–i) Intensity profiles recorded from the rectangular boxes along [002] directions in panel d–f.
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To further investigate the structure and composition of 
CdSxSe1−x nanorods, we carried out a series of characteriza-
tions. As evidenced by X-ray diffraction (XRD) patterns, all the 
CdSxSe1−x nanorods exhibited similar characteristic peaks of 
wurtzite nanocrystals, indicating the homogeneously alloyed 
structures of CdSxSe1−x nanorods (Figure 3a).[36] With the 
increase of Se content in CdSxSe1−x nanorods, all the diffrac-
tion peaks shifted to smaller diffraction angles because of the 
increased lattice constant of CdSxSe1−x nanorods. On the basis 
of the XRD data, we calculated the interplanar spacings of 
CdSxSe1−x nanorods for different facets (Figure 3b). Quasi linear 
relations were observed between the atomic ratio of Se and the 
lattice spacings for all the facets, which was in accordance with 
the Vegard's law.[37] This result further demonstrated the homo-
geneously alloyed structure of CdSxSe1−x nanorods. Figure 3c 
shows the Raman spectra of CdSxSe1−x nanorods. The peaks 
at 205 and 302 cm−1 were assigned to the longitudinal modes 
of CdS and CdSe, respectively. Due to the high miscibility gap 
of CdSxSe1−x system, the peaks for both CdS and CdSe were 
clearly observed on CdSxSe1−x (0 < x < 1) alloyed nanorods.[38] 
When x value varied from 1 to 0 in CdSxSe1−x nanorods, the 
peak for CdS shifted to lower wavenumber, together with the 
peak for CdSe shifting to higher wavenumber. This result was 
consistent with the standard two-mode behavior induced by 
the composition of CdSxSe1−x alloy.[39] Figure S5 (Supporting 
Information) shows the X-ray photoelectron spectroscopy (XPS) 
survey spectra of CdSxSe1−x nanorods. The signals of Cd, S, 
and Se were clearly recorded in CdSxSe1−x nanorods. Figure 3d 
shows the XPS spectra of CdSxSe1−x nanorods in S 2s and Se 
3s region. The peaks at 225.7 and 228.9 eV were attributed to 
S 2s and Se 3s, respectively. The variation in relative intensity 
of the two peaks clearly indicates the tunable ratios of S to Se 
in CdSxSe1−x nanorods. In Cd 3d XPS spectra of CdSxSe1−x 

nanorods, both the Cd 3d3/2 and 3d5/2 peaks shifted to lower 
binding energies with the increase of Se content, due to the 
larger electronegativity of S than that of Se (Figure S6, Sup-
porting Information).

To elucidate the formation mechanism of alloyed CdSxSe1−x 
nanorods, we characterized the products obtained at different 
reaction time in the standard synthetic procedure of CdS0.5Se0.5 
nanorods. The morphology evolved from lamellar nanocrystals 
into nanorods with the prolonging of reaction time (Figure S7, 
Supporting Information). As shown by the XRD spectra of 
the products obtained at different time points, the main peak 
narrowed without the alternation of peak position as reac-
tion proceeded. As such, the degree of crystallinity increased 
during the synthesis of CdS0.5Se0.5 nanorods, whereas the 
compositions kept unchanged (Figure S8, Supporting Infor-
mation). The ICP-AES analysis also confirmed the unchanged 
stoichiometry (Table S2, Supporting Information). Based on 
these results, we established some rationale for the formation 
of alloyed structure. At the beginning of the reaction, the  
S and Se powders were quickly reduced to S2− and Se2− by the 
N2H4. The large amounts of anion gave rise to a fast nuclea-
tion process, resulting in the formation of alloyed CdSxSe1−x 
nanocrystals. As the reaction proceeded, the lamellar CdSxSe1−x 
nanocrystals were folded into nanorods due to the dissociation 
of the adsorbed EDA molecules on the surface of CdSxSe1−x 
nanocrystals.[40]

The as-prepared CdSxSe1−x nanorods were uniformly loaded 
on carbon papers of 1 × 0.5 cm2 in area for the electroreduc-
tion of CO2. As indicated by the geometrical current densities 
at applied overpotentials, all the CdSxSe1−x nanorods exhibited 
similar catalytic activity towards CO2 reduction despite of the 
varied x value (Figure S9, Supporting Information). Figure 4a 
shows the partial current densities for CO production (jCO) 
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Figure 2. a–c) HAADF-STEM and STEM-EDX elemental mapping images of CdS0.75Se0.25, CdS0.5Se0.5, and CdS0.25Se0.75 nanorods. d–i) Line-scanning 
profiles of Cd, S, and Se along the center and terminal of CdS0.75Se0.25, CdS0.5Se0.5, and CdS0.25Se0.75 nanorods. The recorded directions are marked by 
orange lines in panel a–c.
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Figure 4. a) Current densities for CO production at selected potentials on CdSxSe1−x nanorods. b) Faradaic efficiencies for CO production at selected 
potentials on CdSxSe1−x nanorods. c) Geometrical current densities and the corresponding proportions of syngas at −1.2 V vs. RHE on CdSxSe1−x 
nanorods. d) Plot of current density (j) vs. time for the CdS, CdS0.5Se0.5, and CdSe nanorods at a constant potential of −1.2 V vs. RHE.

Figure 3. a) XRD patterns of the CdSxSe1−x nanorods. b) The calculated interplanar spacings of different facets in CdSxSe1−x nanorods. c) Raman spectra 
of the CdSxSe1−x nanorods. d) XPS spectra of the CdSxSe1−x nanorods in the S 2s and Se 3s region.
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on CdSxSe1−x nanorods. Among the CdSxSe1−x nanorods, CdS 
nanorods exhibited the highest jCO at applied overpotentials. At 
−1.2 V vs. RHE, CdS exhibited a jCO of 21.9 mA cm−2, with the 
geometrical current density of 27.1 mA cm−2. With the increase 
of Se content in CdSxSe1−x nanorods, the current density for  
H2 production increased (Figure S10, Supporting Information). 
These results were further supported by the linear sweep vol-
tammetry (LSV) curves of CdS, CdS0.5Se0.5, and CdSe nanorods 
in N2-saturated and CO2-saturated KHCO3 electrolytes 
(Figure S11, Supporting Information). Figure 4b shows the FE 
for CO production on CdSxSe1−x nanorods at applied overpo-
tentials. The FE for CO production significantly decreased with 
the rise of x in CdSxSe1−x nanorods. Specifically, CdS nanorods 
showed the highest FE of 81% for CO production among the 
CdSxSe1−x nanorods at −1.2 V vs. RHE, whereas CdSe nanorods 
exhibited the lowest FE of 20%. Compared with the commercial 
CdS and CdSe powders, the CdS and CdSe nanorods exhibited 
similar FE for gaseous products, demonstrating that the selec-
tivity of the CdSxSe1−x system was mainly relevant to the com-
position, rather than the morphology (Figure S12, Supporting 
Information).

The variable selectivity for the CO and H2 production on 
CdSxSe1−x nanorods provides an opportunity for the production 
of syngas with tunable proportions. By adjusting x value from  
1 to 0 in CdSxSe1−x nanorods, the ratios of CO/H2 in syngas varied 
from 4:1 to 1:4 at -1.2 V vs. RHE (Figure 4c). Notably, all propor-
tions of syngas were produced with current density higher than  
≈25 mA cm−2. Moreover, because the most useful CO/H2 ratios 
in syngas were 1:1 and 1:2, we explored the suitable CdSxSe1−x 
nanorods for achieving such proportions of syngas. As shown 
in Figure S13 (Supporting Information), CdS0.43Se0.57 nanorods 
produced the CO/H2 ratio of 1:1 with a current density of 
25.9 mA cm−2, whereas CdS0.22Se0.78 nanorods got the CO/H2 
ratio of 1:2 with a current density of 26.5 mA cm−2. In addi-
tion, the durability of CdS, CdS0.5Se0.5, and CdSe nanorods as 
representatives of CdSxSe1−x nanorods was tested by scanning 
at a constant potential of −1.2 V vs. RHE (Figure 4d). During 
a 10 h potentiostatic test, all the CdSxSe1−x nanorods exhibited 
less than 5% decay in current density with stable FE for gas-
eous products (Figure S14, Supporting Information). Therefore, 
CdSxSe1−x nanorods served as promising catalysts for persis-
tently producing a wide proportion of syngas with considerable 
current density during CO2 reduction process.

Motivated by the variable selectivity of CdSxSe1−x nanorods, 
we analyzed the relevant reaction kinetics in CO2 reduction. 
As shown in Figure 5a, CdSe and CdS0.5Se0.5 nanorods exhib-
ited Tafel slopes of 135 and 99 mV dec−1, respectively. As 
such, the conversion of CO2 into COOH* is determined as the 
rate-limiting step in CO2 reduction for the two catalysts.[41] In 
contrast, a lower Tafel slope of 69 mV dec−1 was observed on 
CdS nanorods, indicating that the transformation of COOH* 
into CO* served as the rate-limiting step. Figure 5b shows the 
Nyquist plots and the corresponding equivalent circuit of the 
three nanorods. Based on the diameter of semicircular Nyquist 
plot, the charge-transfer resistance (RCT) of CdS nanorods was 
calculated to be 5.0 Ω, which was lower than that (6.0 Ω) of 
CdS0.5Se0.5 and that (8.0 Ω) of CdSe nanorods. Accordingly, the 
Faradaic process was faster on CdS nanorods than that on the 
other two nanorods during the electroreduction of CO2.

The dramatic differences in reaction kinetics of CdSxSe1−x 
nanorods inspired us to further analyze the mechanism for 
CO2 reduction. The double-layer capacitances (Cdl) of CdS, 
CdS0.5Se0.5, and CdSe nanorods were similar, ranging from 
11.4 to 12.4 mF cm−1 (Figure S15, Supporting Information). 
The negligible difference in Cdl values indicates that the varia-
tion of electrochemical active surface area (ECSA) of CdSxSe1−x 
nanorods could be neglected. We further normalized the jCO 
on the basis of Cdl values, demonstrating that the slightly 
decreased ECSA was not the main reason for the decreased 
jCO with the increase of Se content (Figure S16, Supporting 
Information). Figure 5c shows the IR-compensated oxidative 
LSV scans for OH− adsorption on CdS, CdS0.5Se0.5, and CdSe 
nanorods. The peaks for OH− adsorption on CdS, CdS0.5Se0.5, 
and CdSe nanorods were all located at 0.18 V vs. RHE, indi-
cating that CdSxSe1−x nanorods possessed the same binding 
strength for OH−. Given that the binding strength for CO2 
is positively correlated with the binding strength for OH−, 
CdSxSe1−x nanorods exhibited the same ability for the activa-
tion of CO2.[42] Figure 5d shows the Tafel plots of the three 
nanorods in N2-saturated KHCO3 electrolyte. Based on the 
intercept of the linear region in Tafel plots, the exchange cur-
rent density (j0) for HER at the thermodynamic redox poten-
tial (η = 0) was calculated. The j0 increased from 29 to 48 and 
59 µA cm−2 for CdS, CdS0.5Se0.5, and CdSe nanorods, respec-
tively. Due to the weak adsorption of H atoms in CdSxSe1−x, 
the binding strength for H atoms is positively correlated with 
the j0 value of CdSxSe1−x nanorods.[43] As such, the binding 
strength for H atoms was enhanced with the Se content in 
CdSxSe1−x nanorods.

To further investigate the interaction between intermediates 
and catalysts in CO2 electroreduction, we conducted the galva-
nostastic step experiments. When the applied current density 
switched from −2 mA cm−2 to 0.5 µA cm−2, the adsorbed inter-
mediates were oxidized, accompanied with the formation of plat-
forms in the plots of potential versus time.[44] Figure 5e shows 
the galvanostastic step experiments in N2-saturated and CO2-
saturated KHCO3 electrolyte on CdS nanorods. In N2-saturated 
electrolyte, a characteristic platform was observed at 0.22 V vs.  
RHE, which can be attributed to H* oxidation. After CO2 was 
introduced into the electrolyte, a new platform emerged at 
0.05 V vs. RHE, corresponding to COOH* oxidation. Figure 5f 
shows the galvanostatic step experiments on CdS, CdS0.5Se0.5, 
and CdSe nanorods in CO2-saturated KHCO3 electrolyte. The 
platforms of the three nanorods for COOH* oxidation were 
located at the same potential, whereas the potential of the plat-
form for H* oxidation gradually increased from 0.22 V of CdS 
to 0.32 V of CdSe. This result was consistent with the enhanced 
binding strength for H atoms by the introduction of Se atoms 
in CdSxSe1−x nanorods. Moreover, with the increase of Se con-
tent in CdSxSe1−x nanorods, the platform for H* oxidation grad-
ually extended, accompanied with the shortening of platform 
for COOH* oxidation. Accordingly, the coverage of COOH* 
decreased with the increased coverage of H* in CO2 electrore-
duction, resulting in the declined ratios of CO/H2 in products.

In conclusion, we developed a highly active catalyst com-
posed of CdSxSe1−x nanorods, which enabled the production 
of syngas with widest compositions in CO2 electroreduction. 
Among CdSxSe1−x nanorods, CdS nanorods exhibited the 
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highest FE of 81% for CO production with a current den-
sity of 27.1 mA cm−2 at −1.2 V vs RHE. With the increase 
of Se content in CdSxSe1−x nanorods, the FE for H2 produc-
tion increased. At −1.2 V vs. RHE, the ratios of CO/H2 varied 
from 4:1 to 1:4 on CdSxSe1−x nanorods, with current density 
higher than ≈25 mA cm−2 for all proportions of syngas. In 
addition, CdSxSe1−x nanorods exhibited excellent long-
term stability during the potentiostatic tests. Mechanism 
study revealed that the variable selectivity of CO2 reduction 
on CdSxSe1−x nanorods originated from the differences in 
binding strength for H atoms. This work not only developed 
CdSxSe1−x nanorods as promising catalysts for CO2 elec-
troreduction, but also provided a strategy for tunable syngas 
production.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5. a) Tafel plots of the CdS, CdS0.5Se0.5, and CdSe nanorods in CO2-saturated KHCO3 electrolyte. b) Nyquist plots of the three nanorods in 
CO2-saturated KHCO3 electrolyte. c) IR-compensated oxidative LSV scans in N2-saturated KOH for the three nanorods. d) The Tafel plots of the three 
nanorods in N2-saturated KHCO3 electrolyte. The exchange current densities (j0) for HER were derived from the intercept of the linear region in Tafel 
plots. e) The galvanostatic step experiments for CdS nanorods in N2-saturated and CO2-saturated KHCO3 electrolyte. f) Galvanostatic step experiments 
for the three nanorods in CO2-saturated KHCO3 electrolyte. Two steps were involved in the experiments. The current densities of two steps were set 
as −2 mA cm−2 and 0.5 µA cm−2, respectively. The switch of two steps was set at 30 s.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1705872 (7 of 7)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2018, 1705872

Conflict of Interest
The authors declare no conflict of interest.

Keywords
cadmium sulfoselenide, CO2 electroreduction, nanorods, syngas 
production, tunable selectivity

Received: October 9, 2017
Published online: 

[1] A. Indarto, J. Palguandi, Syngas: Production, Application and Environ-
mental Impact, Nova Science, New York 2013.

[2] J. R. Rostrup-Nielsen, Catal. Today 2000, 63, 159.
[3] D. J. Wilhelm, D. R. Simbeck, A. D. Karp, R. L. Dickenson, Fuel Pro-

cess. Technol. 2001, 71, 139.
[4] G. A. Ozin, Adv. Mater. 2015, 27, 1957.
[5] J. L. White, M. F. Baruch, J. E. Pander, Y. Hu, I. C. Fortmeyer,  

J. E. Park, T. Zhang, K. Liao, J. Gu, Y. Yan, T. W. Shaw, E. Abelev,  
A. B. Bocarsly, Chem. Rev. 2015, 115, 12888.

[6] Z.-L. Wang, C. Li, Y. Yamauchi, Nano Today 2016, 11, 373.
[7] S. Hernández, M. A. Farkhondehfal, F. Sastre, M. Makkee, 

G. Saracco, N. Russo, Green Chem. 2017, 19, 2326.
[8] D. D. Zhu, J. L. Liu, S. Z. Qiao, Adv. Mater. 2016, 28, 3423.
[9] H. Huang, H. Jia, Z. Liu, P. Gao, J. Zhao, Z. Luo, J. Yang, J. Zeng, 

Angew. Chem., Int. Ed. 2017, 56, 3594.
[10] F. Li, L. Chen, G. P. Knowles, D. R. MacFarlane, J. Zhang, Angew. 

Chem., Int. Ed. 2017, 56, 505.
[11] X. Sun, Q. Zhu, X. Kang, H. Liu, Q. Qian, Z. Zhang, B. Han, Angew. 

Chem., Int. Ed. 2016, 55, 6771.
[12] M. Liu, Y. Pang, B. Zhang, P. D. Luna, O. Voznyy, J. Xu, X. Zheng,  

C. T. Dinh, F. Fan, C. Cao, F. P. G. de Arquer, T. S. Safaei, 
A. Mepham, A. Klinkova, E. Kumacheva, T. Filleter, D. Sinton,  
S. O. Kelley, E. H. Sargent, Nature 2016, 537, 382.

[13] J. Shen, R. Kortlever, R. Kas, Y. Y. Birdja, O. Diaz-Morales, Y. Kwon, 
I. Ledezma-Yanez, K. Jan, P. Schouten, G. Mul, M. T. M. Koper, Nat. 
Commun. 2015, 6, 8177.

[14] D. Raciti, K. J. Livi, C. Wang, Nano Lett. 2015, 15, 6829.
[15] R. Reske, H. Mistry, F. Behafarid, B. R. Cuenya, P. Strasser, J. Am. 

Chem. Soc. 2014, 136, 6978.
[16] J. Medina-Ramos, R. C. Pupillo, T. P. Keane, J. L. DiMeglio, 

J. Rosenthal, J. Am. Chem. Soc. 2015, 137, 5021.
[17] X. Feng, K. Jiang, S. Fan, M. W. Kanan, J. Am. Chem. Soc. 2015, 137, 

4606.
[18] M. R. Singh, Y. Kwon, Y. Lum, J. W. Ager III, A. T. Bell, J. Am. Chem. 

Soc. 2016, 138, 13006.

[19] D. Gao, Y. Zhang, Z. Zhou, F. Cai, X. Zhao, W. Huang, Y. Li, J. Zhu, 
P. Liu, F. Yang, G. Wang, X. Bao, J. Am. Chem. Soc. 2017, 139, 5652.

[20] S. Ma, M. Sadakiyo, M. Heima, R. Luo, R. T. Haasch, J. I. Gold, 
M. Yamauchi, P. J. A. Kenis, J. Am. Chem. Soc. 2017, 139, 47.

[21] M. Ma, B. J. Trześniewski, J. Xie, W. A. Smith, Angew. Chem., Int. Ed. 
2016, 55, 9748.

[22] B. Kumar, V. Atla, J. P. Brian, S. Kumari, T. Q. Nguyen, M. Sunkara, 
J. M. Spurgeon, Angew. Chem., Int. Ed. 2017, 56, 3645.

[23] J. He, K. E. Dettelbach, D. A. Salvatore, T. Li, C. P. Berlinguette, 
Angew. Chem., Int. Ed. 2017, 56, 6068.

[24] Y. Li, F. Cui, M. B. Ross, D. Kim, Y. Sun, P. Yang, Nano Lett. 2017, 
17, 1312.

[25] M. Asadi, K. Kim, C. Liu, A. V. Addepalli, P. Abbasi, P. Yasaei, 
P. Phillips, A. Behranginia, J. M. Cerrato, R. Haasch, P. Zapol, 
B. Kumar, R. F. Klie, J. Abiade, L. A. Curtiss, A. Salehi-Khojin, 
Science 2016, 353, 467.

[26] Q. Li, J. Fu, W. Zhu, Z. Chen, B. Shen, L. Wu, Z. Xi, T. Wang, G. Lu, 
J.-J. Zhu, S. Sun, J. Am. Chem. Soc. 2017, 139, 4290.

[27] S. Liu, H. Tao, L. Zeng, Q. Liu, Z. Xu, Q. Liu, J.-L. Luo, J. Am. Chem. 
Soc. 2017, 139, 2160.

[28] C. Costentin, M. Robert, J.-M. Savéant, A. Tatin, Proc. Natl. Acad. 
Sci. USA 2016, 112, 6882.

[29] D. H. Won, H. Shin, J. Koh, J. Chung, H. S. Lee, H. Kim, S. I. Woo, 
Angew. Chem., Int. Ed. 2016, 55, 9297.

[30] H. Mistry, R. Reske, Z. Zeng, Z.-J. Zhao, J. Greeley, P. Strasser,  
B. R. Cuenya, J. Am. Chem. Soc. 2014, 136, 16473.

[31] J. Wu, M. Liu, P. P. Sharma, R. M. Yadav, L. Ma, Y. Yang, X. Zou, 
X.-D. Zhou, R. Vajtai, B. I. Yakobson, J. Lou, P. M. Ajayan, Nano 
Lett. 2016, 16, 466.

[32] W. Sheng, S. Kattel, S. Yao, B. Yan, Z. Liang, C. J. Hawxhurst, Q. Wu, 
J. G. Chen, Energy Environ. Sci. 2017, 10, 1180.

[33] S. Chu, S. Fan, Y. Wang, D. Rossouw, Y. Wang, G. A. Botton, Z. Mi, 
Angew. Chem., Int. Ed. 2016, 55, 14262.

[34] K. Sivula, R. van de Krol, Nat. Rev. Mater. 2016, 1, 15010.
[35] S. Singh, A. Singh, K. Palaniappan, K. M. Ryan, Chem. Commun. 

2013, 49, 10293.
[36] L. A. Swafford, L. A. Weigand, M. J. Bowers II, J. R. McBride,  

J. L. Rapaport, T. L. Watt, S. K. Dixit, L. C. Feldman, S. J. Rosenthal, 
J. Am. Chem. Soc. 2006, 128, 12299.

[37] T. P. A. Ruberu, J. Vela, ACS Nano 2011, 5, 5775.
[38] R. Beserman, M. Balkanski, Phys. Rev. B 1970, 1, 608.
[39] A. Tu, P. D. Persans, Appl. Phys. Lett. 1991, 58, 1506.
[40] J. Yang, J.-H. Zeng, S.-H. Yu, L. Yang, G. Zhou, Y.-T. Qian, Chem. 

Mater. 2000, 12, 3259.
[41] M. Dunwell, Q. Lu, J. M. Heyes, J. Rosen, J. G. Chen, Y. Yan, F. Jiao, 

B. Xu, J. Am. Chem. Soc. 2017, 139, 3774.
[42] S. Zhang, P. Kang, T. J. Meyer, J. Am. Chem. Soc. 2014, 136, 1734.
[43] C. G. Morales-Guio, L.-A. Stern, X. Hu, Chem. Soc. Rev. 2014, 43, 6555.
[44] C. H. Hamann, A. Hamnett, W. Vielstich, Electrochemistry, 

Wiley-VCH, Weinheim, Germany 1998.


