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ABSTRACT: Solar-driven splitting of alcohol utilizing photo-
catalysts is a promising route to obtain H2 and fine chemicals. Ni
nanoparticles have shown great potential for light-driven splitting
of alcohol, and their size, exposed facets, and electronic properties
play key roles in the performance of photocatalysts. Therefore,
purposefully modifying Ni is of great importance. In this report,
Ni−Ag nanostructures were fabricated in situ on graphitic carbon
nitride by a sequential photodeposition method. The solar-driven
hydrogen production from ethanol was dramatically enhanced on
the Ni−Ag nanostructure-modified graphitic carbon nitride
compared with pure Ni nanoparticle-modified graphitic carbon
nitride. It was found that the beneficial role of Ag is to disperse and
stabilize small Ni nanoparticles and, importantly, expose catalytic
sites that are less prone to accumulate ethanol decomposition products (acetate species), as proven by in situ diffuse reflectance
infrared Fourier transform spectroscopy.
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■ INTRODUCTION

Hydrogen is considered to be a promising energy carrier
because of its high energy capacity and sustainable properties.
Splitting of alcohol into hydrogen and corresponding carbonyl
compounds could provide value-added products as well as
hydrogen.1−9 A sustainable way to drive this reaction is to use
solar energy.1 Therefore, designing an environmentally friendly
photocatalyst capable of splitting alcohol under the irradiation
of sunlight could be of great importance.
Graphitic carbon nitride (CNx; the graphitic carbon nitride

usually contains H because of −NH2 groups; hence, it is not a
stoichiometric C3N4 compound) has attracted increasing
attention in photocatalysis because of its nontoxicity, high
stability, and appropriate energy band structure.10−15 Its
conduction band minimum (CBM) is located at −0.89 V
versus SHE, which provides enough driving force for H2
production, while its valence band maximum is located at
+1.9 V versus SHE, positive enough for the oxidation of
alcohol.16,17 Therefore, just considering thermodynamics, CNx
is a potential photocatalyst for splitting of alcohol. A previous
study has shown that additional nickel (Ni) particle deposition
is important for efficient splitting of alcohol.1,18 Here,
photodeposition methods of Ni have a distinct advantage
compared with conventional methods, such as impregnation
and wet chemical reduction methods because the as-prepared
Ni-modified photocatalyst can be directly utilized for photo-

catalytic reactions without separation.1,18,19 Only a few reports
have, however, been published on photodeposition of Ni
because of the comparably negative potential of Ni2+/Ni
(−0.26 V vs SHE). Although the CBM of CNx is negative
enough for reduction of Ni2+, deposition of Ni on the surface
of CNx can be very slow because of the fast recombination of
the photogenerated electrons and holes in CNx. One way to
overcome this issue is to introduce a sacrificial metal
nanoparticle (NP) with a similar crystal structure to Ni that
can function as an electron trap. Silver (Ag) has a standard
Ag+/Ag electrode potential of 0.80 versus SHE, which is more
favorable for photodeposition. The lattice mismatch between
Ni and Ag (about 13.9%), the lower surface energy of Ag
compared with Ni, and their complete immiscibility20 prevent
bulk alloying of Ni and Ag. Instead, surface-confined alloying is
expected, which, in addition, may have beneficial interfacial
catalytic properties,21 moderating bonding of carbon inter-
mediates to Ni.22,23 We use the above-mentioned properties
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together with photodeposition to implement Ag-induced
deposition of Ni on CNx. As shown in Scheme 1, CNx was
first modified with Ag NPs by a photodeposition method, and
the Ag NPs can function as sites for growth of Ni NPs in the
second step of photodeposition.

■ EXPERIMENTAL SECTION
Synthesis of CNx. CNx was synthesized according to a previously

reported method.24 Typically, urea (5 g) was added in a crucible boat
with a cover, heated to 550 °C in air, and kept at 550 °C for 2 h. CNx
powder was obtained after naturally cooling down to room
temperature.
Synthesis of Ag NP-Modified CNx (Ag/CNx). Deposition of Ag

on CNx was performed by a photodeposition method with silver
nitrate as the precursor. The theoretical loading amount of Ag on CNx
is 1.1 wt %. Typically, a mixture of CNx (5 mg), AgNO3 (0.5 μmol),
isopropanol (100 μL), and deionized water (4.9 mL) was added into a
glass tube (25 mL), which was then sealed and purged with argon for
15 min. Subsequently, the mixture was irradiated using a solar
simulator (LCS-100, Newport, AM1.5G filter) for 1 h under stirring.
Orange yellow precipitate was collected by centrifugation and then
washed with water and ethanol.
Synthesis of Ni NP-Modified CNx (Ni/CNx). Ni NPs were

loaded on CNx using a previously reported photodeposition method
with slight modifications.1 Typically, a mixture of CNx (5 mg), NiCl2·
6H2O (0.5 μmol), and ethanol (5 mL) was added into a glass tube
(25 mL), which was then sealed and purged with argon for 15 min.
Subsequently, the mixture was irradiated using the solar simulator for
2 h under stirring. Gray precipitate was collected by centrifugation
and subsequently washed with ethanol.
Synthesis of Ni and Ag NP-Modified CNx (Ni−Ag/CNx). Ni−

Ag/CNx was synthesized through the same procedure as discussed
above, except that Ag/CNx (5 mg) was used instead of CNx.
Synthesis of Ni-Modified CNx by the Impregnation Method

(Ni/CNx-imp). CNx (5 mg) was mixed with Ni(NO3)2·6H2O (0.5
μmol, dissolved in 100 μL of ethanol). The mixture was dried at room
temperature and then heated to 400 °C (ramp rate: 5 °C/min) in air
and kept at 400 °C for 2 h. After cooling to room temperature, the
mixture was heated to 450 °C (ramp rate: 5 °C/min) in a flow of 5
vol % H2/Ar mixture and kept at 450 °C for 2 h. Finally, the mixture
was cooled to room temperature under a flow of 5 vol % H2/Ar
mixture.
Photocatalytic Experiment. For the Ni/CNx and Ni−Ag/CNx

photocatalysts, H2 evolution was measured during in situ photo-
deposition. For CNx, Ag/CNx, and Ni/CNx-imp, the photocatalyst (5
mg) and ethanol (5 mL) were added in a glass tube (25 mL), which
was then sealed and purged with argon for 15 min. Subsequently, the
mixture was irradiated with simulated solar light under stirring. The
incident light intensity was set to be 100 mW/cm2 (AM 1.5 G), that
is, 1 sun. Gas products in headspace were sampled using a syringe and
then analyzed by gas chromatography (GC, PerkinElmer Autosystem
XL) with a CarbonPLOT P7 column, using argon as the carrier gas,
and H2 was detected using a thermal conductivity detector (TCD).
Three known concentrations of H2 diluted in Ar were analyzed by
GC, and a standard curve (Figure S1) was obtained by linear fitting
the response of TCD detector (mV) and concentrations of H2 (ppm).
Quantitative H2 analysis was performed under same conditions using

the standard curve. Products in the liquid phase were analyzed by
GC−mass spectrometry (GC−MS, Agilent 5977B GC/MSD with a
DB-5ms column). For wavelength-dependent photocatalytic experi-
ment, a series of bandpass filters (410, 460, 500, 540, and 630 nm)
with a full width at half-maximum of 10 nm were placed in the optical
path of the solar simulator. The photon power was measured using a
power meter (THORLABS, PM160T). The measured photon powers
are shown in Table S1. The irradiated area was about 5 cm2. The
quantum efficiency (QE) was calculated as follows

= × N NQE (%) 100% (H )/2 i (1)

where N(H2) is the number of H2 molecules produced in the ethanol
splitting reaction shown in Scheme 1, and Ni is the number of
incident photons.

In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was carried out with a vacuum-pumped FT-IR
spectrometer (Bruker Vertex 80v) and a diffuse reflectance accessory
(Praying Mantis, Harrick Scientific), which allowed for measurements
under a controlled Argon (Air Liquide 99.9999% purity) atmosphere
and simultaneous illumination with a 405 nm LED coupled to an
optical fiber (Prizmatix) with an incident intensity of 89 mW/cm2.
Ethanol dosing was done by letting the argon gas pass over a
temperature-controlled reservoir of liquid ethanol (VWR, 99.97%
purity). A detailed description of the experimental setup can be found
elsewhere.25,26 Because of the high infrared absorbance of CNx, the
samples were mixed with spectroscopic grade KBr powder in a 1:1
volume ratio, and carefully ground together in a mortar, prior to the
measurements. Samples were annealed in a mixture of 5% H2 and 95%
argon at 400 °C for 30 min to remove adventitious impurities and
water before the measurements. Spectra were acquired with a 4 cm−1

spectral resolution and averaged over 140 scans, and samples were
kept at 25 °C during acquisitions. The spectral region between about
1400 to 2600 cm−1 exhibits a poor signal-to-noise ratio (S/N) quality
because of large IR absorption of CNx in this region, and was not used
in the analyses. The ordinate axis of the spectra is plotted as −log(R/
R0), where R0 is the reflectance spectra from the sample prior to
exposure of ethanol (reference spectra) and R is the reflectance
spectra at time t. The −log(R/R0) representation gives a spectrum
that is approximately equivalent to an absorbance spectrum.

Characterization of the Photocatalysts. Powder X-ray
diffraction (XRD) was measured on a Bruker D8 ADVANCE
diffractometer with Cu KαI radiation (λ = 0.15406 nm) using a
current of 40 mA and a voltage of 40 kV, during which the step size
was 0.02° and dwell time per step was 1 s. Spectrophotometry was
performed with a PerkinElmer Lambda900 instrument equipped with
an integrating sphere. Samples were deposited on quartz disks by a
drop-casting method, and then total transmittance and total
reflectance were measured. Absorptance was calculated by subtracting
the total reflectance and total transmittance from total incident
intensity (100%). For inductively coupled plasma optical emission
spectrometry (ICP-OES) measurements, samples were digested with
nitric acid (nitric acid 65%, VWR) over 48 h and diluted 1000 times
with Milli-Q water (ASTM Type I, Fisher Scientific). Avio 500 Scott/
Cross-Flow Configuration was used for ICP measurements. The
inductively coupled plasma optical emission spectrometer was
calibrated with the concentrations of 5, 1, 0.1, and 0.01 μg/mL of
nickel and silver provided by Multi-Element Calibration Standard

Scheme 1. Schematic Illustration of Fabrication of Ni−Ag Nanostructures on CNx (Left) and a Possible Mechanism for Solar
Light-Driven Splitting of Ethanol by Ni−Ag Nanostructure-Modified CNx (Right)
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(Perkin Elmer). Scanning electron microscopy (SEM) images were
obtained on a Zeiss 1530 field emission scanning electron microscope
with an accelerating voltage of 5 kV. Transmission electron
microscopy (TEM), selected area electron diffraction (SAED),
high-angle annular dark-field (HAADF) imaging under scanning
TEM (STEM) mode, and energy dispersive X-ray spectroscopy
(EDX) were performed on a FEI Titan Themis 200 microscope with
a spherical aberration-corrected probe and a SuperX X-ray detector.
For observation, samples were dispersed in ethanol, after which a
small drop was then loaded on a copper grid covered with a Lacey
carbon film, and subsequently dried.

■ RESULTS AND DISCUSSION

The crystalline structure of the photocatalysts was studied by
powder XRD. Two main peaks were found in the XRD pattern
of CNx, as shown in Figure 1a. One peak at 13° (d = 0.68 nm)
corresponds to the inner-layer arrangement of nitrogen-linked
heptazine units; the other peak at 27° (d = 0.33 nm) can be
attributed to the covalent layered structure, like in graphite.12

SEM images of CNx (Figure S2) show that a large number of
CNx layers bend and assemble into a three-dimensional
structure. XRD pattern of Ag/CNx and Ni−Ag/CNx indicates
Ag NPs have the expected face-centered cubic (fcc) structure

Figure 1. (a) XRD patterns of CNx, Ag/CNx, Ni/CNx, and Ni−Ag/CNx, dashed line indicates the position of the Ag(111) peak. (b) TEM image
of Ag/CNx and the size distribution of Ag NPs (inset). (c) TEM image of Ni/CNx and the size distribution of Ni NPs (inset). (d) SAED pattern of
the marked area shown in (c). Scale bars: (b) 50 nm, (c) 100 nm, and (d) 5 nm−1.

Figure 2. HAADF−STEM images and EDX elemental mappings: (a) Ag/CNx, (b) Ni/CNx, and (c) Ni−Ag/CNx (insets are the magnified area
outlined by boxes). Scale bars (a) 100, (b) 50, and (c) 200 nm.
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(JCPDS 04-0783), with a dominant (111) diffraction peak at
38.1°. The average size of the Ag NPs was about 16 nm
obtained from the Debye−Scherrer equation employing the
(111) peak. Note that no change in the position of the (111)
peak of Ag was observed after depositing Ni on Ag, which
indicates that the Ag structure was preserved. No apparent
diffraction peak of Ni was found in XRD patterns of Ni/CNx
and Ni−Ag/CNx samples, which is because of the low amounts
of Ni deposited, as confirmed by ICP. From ICP, the Ag
loading in Ni−Ag/CNx was calculated to be 0.48 wt %, and for
Ni in Ni−Ag/CNx, it was found to be 0.20 wt %, which was
twice than that obtained for Ni/CNx (0.10 wt %), showing that
predeposition of Ag NPs facilitates Ni deposition.
The TEM image in Figure 1b shows Ag NPs were

homogeneously deposited on the surface of nanosheet-like
CNx. The average size of Ag NPs estimated from TEM images
was about 15 nm (Figure 1b inset), corresponding well to the
XRD results. A TEM image of Ni/CNx (Figure 1c) shows that
Ni NPs were deposited on the edge of CNx, which can be
attributed to abundant amino groups (−NH2) at the edges,
and their affinity to Ni2+ ions. The presence of Ni NPs was
further confirmed by SAED (Figure 1d). The lattice distances
calculated from the SAED pattern (Table S2) correspond well
to the (111), (200), (220), and (311) planes of Ni (JCPDS
04-0850), demonstrating the fcc structure of the Ni NPs. The
average size of Ni NPs deduced from TEM images is about 25
nm (Figure 1c inset).
HAADF−STEM imaging and EDX mapping were per-

formed to study the distribution of Ag and Ni NPs. HAADF
image shows Z contrast, which is approximately proportional
to Z2. Hence, high-contrast locations in HAADF images shown
in Figure 2a,b can be identified to be Ag and Ni NPs,
respectively. Similarly, the EDX mapping images shown in
Figure 2a,b, and the corresponding EDX spectra (Figure
S3a,b), further confirm the existence of Ag NPs in Ag/CNx
and Ni NPs in Ni/CNx, respectively. A HAADF−STEM image
and the corresponding elemental EDX mappings of Ni−Ag/
CNx are shown in Figure 2c. As Ag (Z = 47) has a larger
atomic number than Ni (Z = 28), Ag NPs will show brighter
contrast than Ni NPs when they have a similar thickness along
the electron beam direction. The corresponding EDX maps
(Figure 2c) and EDX spectrum (see Figure S3c) clearly show
the spatial distribution and indicate the coexistence of Ag and
Ni in Ni−Ag/CNx, respectively. Based on the HAADF images
and the corresponding EDX maps, one can conclude that small
Ni NPs cover the Ag NPs, thus exposing a large fraction of the
Ni/Ag interfacial sites. Only a few isolated Ni NPs and Ag NPs
were observed. Importantly, the Ni NPs appear more dispersed
and have a smaller size compared with Ni NPs deposited on
CNx alone.
Figure 3 shows the UV−visible spectra of CNx, Ag/CNx,

Ni/CNx, and Ni−Ag/CNx. A distinct absorption edge was
observed for the CNx and Ni/CNx samples at about 450 nm,
which is attributed to the interband absorption threshold
(optical bandgap) in CNx. The absorption edge of CNx is
consistent with previous reports.10,12 After addition of Ag NPs,
a significant increase in visible light absorptance was observed
because of surface plasmon resonance (SPR) absorption of Ag
NPs,27 and a broad absorptance tail extending above 600 nm is
apparent.
Figure 4a shows the quantities of H2 that evolved as a

function of irradiation time. The ethanol splitting is manifested
as H2 evolution (see Scheme 1). No H2 was detected when

light was turned off, which shows it is a photon-driven process.
When pristine CNx was used, no H2 was detected. Similarly, no
H2 was detected for Ag/CNx, which is expected because of the
poor hydrogen evolution reaction activity of Ag. When Ni/
CNx-imp (the sample prepared by the impregnation method)
was employed, no H2 was detected for 7 h. For the Ni/CNx
and Ni−Ag/CNx photocatalysts, H2 evolution was measured
during and after in situ photodeposition. The rates of H2
production first increased gradually and then became
unchanged. The initial induction period is attributed to the
increasing loading amount of Ni during photodeposition.1

After a certain time (about 2−3 h), the maximum Ni loading
was reached. The induction period for Ni−Ag/CNx was
shorter than for Ni/CNx, implying faster photodeposition of
Ni with the assistance of Ag NPs. Because the concentration of
ethanol can be regarded constant during the irradiation time,
the rates after the induction period could be well described by
a zeroth order reaction (see Table S3). The reaction rate for
Ni−Ag/CNx was 354 μmol h−1 g−1, which is 4.3 times higher
than that for Ni/CNx (82 μmol h−1 g−1). The rate of H2
production from ethanol utilizing Ni−Ag/CNx is even
comparable with the reported rate of H2 production using
Pt-loaded graphitic carbon nitride in aqueous solutions
containing triethanolamine as the sacrificial electron donor
(see Table S4 entries 5 and 6).10,28 The rate of H2 production
from ethanol by Ni−Ag/CNx is, however, lower than that by
the state-of-the-art Ni/CdS photocatalyst,1 which can be
attributed to poor crystallinity of CNx;

11 this also suggests that
efficiency of CNx-based photocatalysts can be further
increased. Considering the toxicity of CdS, it is, however, of
utmost importance to develop environmentally friendly
photocatalysts that meet the requirements of “green”
chemistry, such as the one reported here.
GC−MS was conducted to analyze the products in the

liquid phase after the reaction (see Figure S4). 1,1-Diethoxy-
ethane, which originates from a condensation reaction between
acetaldehyde and ethanol (see Scheme 2), was detected as the
product. This product was also reported in photocatalytic
dehydrogenation of ethanol by Pt/TiO2.

29

The turnover frequency (TOF) for Ni/CNx and Ni−Ag/
CNx based on the estimated Ni surface sites and the
determined rate constants was calculated to be 80 and 98
h−1, respectively (see Supporting Information). Similarly, the
turnover number (TON) for Ni/CNx and Ni−Ag/CNx was
estimated to be 310 and 540 during the whole reaction period
(7 h), respectively, indicating a catalytic process.
To investigate whether the SPR effect of Ag NPs influenced

the reaction, the dependence of the rate of H2 evolution and

Figure 3. UV−visible diffuse reflectance spectra of CNx, Ag/CNx, Ni/
CNx, and Ni−Ag/CNx.
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QE on the wavelength of incident light was investigated
(Figure 4b,c). It is apparent that the rate of H2 evolution and
QE decrease as wavelength increases. The highest QE was
obtained at the shortest wavelength employed, that is, 410 nm,
which corresponds to photon energies above the interband
transition of CNx. The corresponding QE was calculated to be
0.15% for Ni−Ag/CNx. In the case of Ni/CNx, the
concentration of evolved H2 upon irradiation with 410 nm
was below the GC analysis detection limit. At wavelength
above 500 nm, no photocatalytic activity was detected even for
Ni−Ag/CNx. The reactivity trend follows roughly the
absorptance of CNx, which indicates that the SPR of Ag NPs
has no significant influence on the activity of photocatalytic
splitting of ethanol, and that the main role of Ag is to stabilize
and disperse active, small Ni NPs.
In situ DRIFTS experiments were conducted to study the

adsorption of ethanol on the surface of photocatalysts and
monitor the molecular transformations on the catalysts’
surfaces occurring during illumination. For the pure CNx
sample, clear adsorption bands are observed in the 2700−
3600 cm−1 region (Figure 5). Prior to illumination, the C−H
stretch vibrations in ethanol are found between 3000−2700
cm−1, whereas the stretching vibrations due to OH groups on
the surface are observed at higher wavenumbers (above 3500
cm−1). Stretching vibrations due to N−H and C−H
originating from binding between the photocatalyst and
hydrogen dissociated from ethanol are also observed.
Typically, the N−H bonds are found above 3200 cm−1.
Vibrations associated with the rocking and bending modes of
CH2 and CH3 groups are seen around 1300−1400 cm−1 and
the C−O and C−C vibrations are found between 1150−1000
cm−1.30,31 For the Ni and Ni−Ag loaded samples, the spectra
appear qualitatively similar. However, the vibration band at
1025 cm−1 for the pure CNx sample almost disappears for Ni/
CNx and Ni−Ag/CNx, and the peaks seen at 1042 and 1082
cm−1 in the CNx sample are shifted toward higher wave-
numbers in both Ni/CNx and Ni−Ag/CNx, and the relative
intensities of these peaks are completely reversed, with the
band at 1047 cm−1 being dominant on the metal-loaded
samples. Studies regarding adsorption of ethanol on Ni(111)
and (100) surfaces have shown that ethanol transforms into

ethoxy species at around 200 K.32,33 Ethoxy species is not
stable on the Ni surface and starts to decompose at 250 K, and
at 25 °C only weak adsorption bands due to ethoxy were seen
in infrared reflection-absorption spectroscopy measurements
on the Ni(100) surface.33,34 Therefore, we assign the bands
observed in DRIFTS mainly to ethanol adsorbed on CNx and
to the contribution of both ethanol and ethoxy species at the
Ni/CNx interface.
Upon illumination, the intensities of the C−H stretching

bands decrease, as shown in Figure 6. At lower wavenumbers,
the vibration band at ∼1082 cm−1 decreases on both the CNx
and the metal-loaded CNx samples. Simultaneously, the band
at ∼1025 cm−1 grows in intensity on CNx and also builds up
on the Ni/CNx, and to a less extent, on the Ni−Ag/CNx
sample. A new, broad vibration band at ∼1105 cm−1 also
appears on the samples during the illumination. This peak is
much more pronounced on the Ni/CNx sample compared to
both the pure CNx and the Ni−Ag/CNx samples, and can be
attributed to the formation of a high concentration of acetate
species on the Ni/CNx catalyst.

35

In contrast, following the evolution of the vibration bands in
the ν(C−H) region, one can see that the rate of removal of
adsorbed ethanol is the highest on Ni/CNx followed by Ni−
Ag/CNx and then pure CNx. Thus, we conclude that the initial
photodecomposition rate is the highest on the Ni/CNx catalyst
but it yields significant amounts of decomposition products on

Figure 4. (a) Amount of H2 as a function of irradiation time for different photocatalysts under simulated solar-light (AM 1.5G) irradiation (dashed
lines are linear fit). (b) Dependence of the rate of H2 evolution on the wavelength of incident light for Ni−Ag/CNx. (c) Absorptance of CNx and
Ni−Ag/CNx (left y axis) and QE of H2 evolution by Ni−Ag/CNx (right y axis).

Scheme 2. Condensation Reaction between Acetaldehyde
and Ethanol

Figure 5. FTIR spectra obtained after ethanol adsorption on CNx,
Ni/CNx, and Ni−Ag/CNx. Acquisitions were performed after 10 min
of ethanol exposure subsequently followed by 10 min of argon gas
flow (100 mL/min) to remove any gas-phase traces.
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the catalyst, such as acetate species. We propose that this is the
reason that the Ni−Ag/CNx photocatalyst outperforms Ni/
CNx for the sustained H2 production. The pure Ni/CNx

catalyst becomes poisoned, while the Ni−Ag/CNx catalyst
does not accumulate site-inhibiting intermediates to the same
extent, at the expense of a lower initial ethanol decomposition
rate. Guided by the microscopy data showing dispersed Ni
NPs deposited on the Ag particles, we proposed that the
enhanced sustained activity on Ni−Ag/CNx is chemical in
nature, whereby strongly bonded intermediates are destabilized
at the Ni−Ag interface, similar to what has been shown for
other types of noble metal surface-alloyed Ni catalysts.22,23

■ CONCLUSIONS

In summary, we have demonstrated a new method to
codeposit Ni−Ag NPs on graphitic carbon nitride (Ni−Ag/
CNx) that results in well-dispersed Ni NPs attached to a
central Ag particle. Ni−Ag/CNx exhibits enhanced perform-
ance on solar-driven hydrogen production from ethanol
compared with Ni-modified graphitic carbon nitride (Ni/
CNx). Apart from dispersing and stabilizing small Ni NPs, the
Ag NPs also introduce catalytic sites that are less prone to
accumulate ethanol decomposition products (acetate species)
as proven by in situ DRIFTS; possibly by electronic
modification of the Ni NPs by a surface-alloying mechanism.
We believe that the current strategy could be applied on other
photocatalysts to achieve more efficient and stable hydrogen
production from alcohol under irradiation of solar light.
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Lars Österlund − Department of Materials Science and
Engineering, The Ångström Laboratory, Uppsala University,
75103 Uppsala, Sweden; orcid.org/0000-0003-0296-5247

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaem.0c01838

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by Stiftelsen Olle Engkvist
Byggmas̈tare (grant no. SOEB-2015/167), Åforsk (grant no.
19-661), the Swedish Energy Agency (grant no. 46641-1), and
the Swedish Research Council (grant nos. 2018-06868 and
2019-05614). Z.C. would like to thank Lars Riekehr for TEM
discussion. The authors thank S. J. Kumari A. Ubhayasekera,
and Jonas Bergquist for the GC−MS measurements. Part of
the work was performed at Myfab, Uppsala University.

■ REFERENCES
(1) Chai, Z.; Zeng, T.-T.; Li, Q.; Lu, L.-Q.; Xiao, W.-J.; Xu, D.
Efficient Visible Light-Driven Splitting of Alcohols into Hydrogen and
Corresponding Carbonyl Compounds over a Ni-Modified CdS
Photocatalyst. J. Am. Chem. Soc. 2016, 138, 10128−10131.
(2) Mitsudome, T.; Mikami, Y.; Funai, H.; Mizugaki, T.; Jitsukawa,
K.; Kaneda, K. Oxidant-Free Alcohol Dehydrogenation Using a
Reusable Hydrotalcite-Supported Silver Nanoparticle Catalyst. Angew.
Chem., Int. Ed. 2008, 47, 138−141.
(3) Shimizu, K.-i.; Kon, K.; Shimura, K.; Hakim, S. S. M. A.
Acceptor-free dehydrogenation of secondary alcohols by heteroge-
neous cooperative catalysis between Ni nanoparticles and acid−base
sites of alumina supports. J. Catal. 2013, 300, 242−250.
(4) Chatterjee, M.; Ishizaka, T.; Chatterjee, A.; Kawanami, H.
Dehydrogenation of 5-hydroxymethylfurfural to diformylfuran in
compressed carbon dioxide: an oxidant free approach. Green Chem.
2017, 19, 1315−1326.
(5) Nicolau, G.; Tarantino, G.; Hammond, C. Acceptorless Alcohol
Dehydrogenation Catalysed by Pd/C. ChemSusChem 2019, 12,
4953−4961.
(6) Wang, D.; Wang, P.; Wang, S.; Chen, Y.-H.; Zhang, H.; Lei, A.
Direct electrochemical oxidation of alcohols with hydrogen evolution
in continuous-flow reactor. Nat. Commun. 2019, 10, 2796.
(7) Gunanathan, C.; Milstein, D. Applications of Acceptorless
Dehydrogenation and Related Transformations in Chemical Syn-
thesis. Science 2013, 341, 1229712.
(8) Johnson, T. C.; Morris, D. J.; Wills, M. Hydrogen generation
from formic acid and alcohols using homogeneous catalysts. Chem.
Soc. Rev. 2010, 39, 81−88.
(9) Nielsen, M.; Kammer, A.; Cozzula, D.; Junge, H.; Gladiali, S.;
Beller, M. Efficient Hydrogen Production from Alcohols under Mild
Reaction Conditions. Angew. Chem., Int. Ed. 2011, 50, 9593−9597.
(10) Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.;
Carlsson, J. M.; Domen, K.; Antonietti, M. A metal-free polymeric
photocatalyst for hydrogen production from water under visible light.
Nat. Mater. 2009, 8, 76−80.
(11) Lin, L.; Yu, Z.; Wang, X. Crystalline Carbon Nitride
Semiconductors for Photocatalytic Water Splitting. Angew. Chem.,
Int. Ed. 2019, 58, 6164−6175.
(12) Savateev, A.; Ghosh, I.; König, B.; Antonietti, M. Photoredox
Catalytic Organic Transformations using Heterogeneous Carbon
Nitrides. Angew. Chem., Int. Ed. 2018, 57, 15936−15947.

(13) Peng, Y.; Zhou, L.; Wang, L.; Lei, J.; Liu, Y.; Daniele, S.; Zhang,
J. Preparation of NiCoP-decorated g-C3N4 as an efficient photo-
catalyst for H2O2 production. Res. Chem. Intermed. 2019, 45, 5907−
5917.
(14) Zhang, J.; Zhu, Q.; Wang, L.; Nasir, M.; Cho, S.-H.; Zhang, J. g-
C3N4/CoAl-LDH 2D/2D hybrid heterojunction for boosting photo-
catalytic hydrogen evolution. Int. J. Hydrogen Energy 2020, 45,
21331−21340.
(15) Zhu, Q.; Qiu, B.; Du, M.; Ji, J.; Nasir, M.; Xing, M.; Zhang, J.
Dopant-Induced Edge and Basal Plane Catalytic Sites on Ultrathin
C3N4 Nanosheets for Photocatalytic Water Reduction. ACS
Sustainable Chem. Eng. 2020, 8, 7497−7502.
(16) Zhang, G.; Lan, Z.-A.; Lin, L.; Lin, S.; Wang, X. Overall water
splitting by Pt/g-C3N4 photocatalysts without using sacrificial agents.
Chem. Sci. 2016, 7, 3062−3066.
(17) Li, T.; Kasahara, T.; He, J.; Dettelbach, K. E.; Sammis, G. M.;
Berlinguette, C. P. Photoelectrochemical oxidation of organic
substrates in organic media. Nat. Commun. 2017, 8, 390.
(18) Huang, H.; Jin, Y.; Chai, Z.; Gu, X.; Liang, Y.; Li, Q.; Liu, H.;
Jiang, H.; Xu, D. Surface charge-induced activation of Ni-loaded CdS
for efficient and robust photocatalytic dehydrogenation of methanol.
Appl. Catal., B 2019, 257, 117869.
(19) Huang, Y.; Liu, C.; Li, M.; Li, H.; Li, Y.; Su, R.; Zhang, B.
Photoimmobilized Ni Clusters Boost Photodehydrogenative Cou-
pling of Amines to Imines via Enhanced Hydrogen Evolution
Kinetics. ACS Catal. 2020, 10, 3904−3910.
(20) Gaudry, M.; Cottancin, E.; Pellarin, M.; Lerme,́ J.; Arnaud, L.;
Huntzinger, J. R.; Vialle, J. L.; Broyer, M.; Rousset, J. L.; Treilleux, M.;
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