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ABSTRACT: In this work, we have designed and synthesized
nickel-laden dendritic plasmonic colloidosomes of Au (black
gold-Ni). The photocatalytic CO, hydrogenation activities of
black gold-Ni increased dramatically to the extent that
measurable photoactivity was only observed with the black
gold-Ni catalyst, with a very high photocatalytic CO production
rate (2464 + 40 mmol gy, ' h™') and 95% selectivity. Notably,
the reaction was carried out in a flow reactor at low temperature
and atmospheric pressure without external heating. The catalyst
was stable for at least 100 h. Ultrafast transient absorption
spectroscopy studies indicated indirect hot-electron transfer from
the black gold to Ni in less than 100 fs, corroborated by a
reduction in Au—plasmon electron—phonon lifetime and a bleach
signal associated with Ni d-band filling. Photocatalytic reaction rates on excited black gold-Ni showed a superlinear power law
dependence on the light intensity, with a power law exponent of 5.6, while photocatalytic quantum efliciencies increased with
an increase in light intensity and reaction temperature, which indicated the hot-electron-mediated mechanism. The kinetic
isotope effect (KIE) in light (1.91) was higher than that in the dark (~1), which further indicated the electron-driven
plasmonic CO, hydrogenation. Black gold-Ni catalyzed CO, hydrogenation in the presence of an electron-accepting molecule,
methyl-p-benzoquinone, reduced the CO production rate, asserting the hot-electron-mediated mechanism. Operando diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) showed that CO, hydrogenation took place by a direct
dissociation path via linearly bonded Ni—CO intermediates. The outstanding catalytic performance of black gold-Ni may
provide a way to develop plasmonic catalysts for CO, reduction and other catalytic processes using black gold.

Plasmonic Biack Gold-Nickel
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INTRODUCTION atmospheric pressure produces different valuable chem-
icals.” ™"

CO, hydrogenation with green hydrogen can provide a
single solution to three challenging problems: (i) excessive
CO, levels, (ii) the temporal mismatch between solar
electricity production and demand, and (iii) hydrogen gas
storage.''~"? However, the CO, hydrogenation reaction needs

CO, valorization processes are crucial to mitigate global
warming and combat climate change. The production of
chemicals and fuels via the hydrogenation of CO, by green
hydrogen is one of the promising paths for mitigating CO,
emissions. > Transforming CO, into useful chemicals, using
green hydrogen, not only utilizes CO, but also reduces the use

very high temperatures, causing quick deactivation of the
of fossil-derived carbon materials. CO, hydrogenation is a

challenging process due to the thermodynamic stability of CO, Received:  October 20, 2022
molecule, making the overall process unsustainable. However, Accepted: February 7, 2023
excellent progress has been made toward converting CO, to Published: February 13, 2023

various products via hydrogen reduction using thermo-,

photo-, and electrochemical ways.*”® The heterogeneous
photocatalytic reaction of CO, and green hydrogen under

© 2023 American Chemical Society https://doi.org/10.1021/acsnano.2c10470

W ACS Publications 4526 ACS Nano 2023, 17, 45264538


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rishi+Verma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajesh+Belgamwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pratip+Chatterjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Bericat-Vadell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacinto+Sa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vivek+Polshettiwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vivek+Polshettiwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.2c10470&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10470?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10470?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10470?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10470?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c10470?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
https://pubs.acs.org/toc/ancac3/17/5?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.2c10470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano Wwww.acshano.org
a >
K-gold o K'§§|s>
HCHO HCHO

DPC-CO

4 ——DPC-C4 k ——DFNS-Ni 1 Ni-L, —DPC-C4-Ni m
3 ] —opC-CaNi| ——DPCCANI | _ 3 ecania 2022 . e
& S =) e SN Z >Q. N
8 S S L“, /.
= > =z . 2z o 217 2083
8 2 Ni-l, —|g[reeane/ - =
= E k5 L -
2 - /\/ = -
< 2173 2063
DPC-C4  _3 . \L
200 400 600 800 1000 885 850 855 850 845 840 850 860 870 880 8902300 2200 2100 2000 7000

Binding Energy (eV)

E] v m)
1904

Wavelength (nm)

165.9

1414

116.9

9238

67.89

4340

1891

-16

10.5
X (nm)

-14

X (nm)

Energy Loss (ev) Wavenumber cm-1)

[EL(Vm™)
8354 p

7222

[E] (Vm™)

609.1

4959

3827

Y (nm)

269.5

156.3

4316

-12
X (nm)

Figure 1. (a) Schematic illustration of the synthesis process of DPC-C4-Ni. TEM images of (b, ¢) DPC-C4 and (d, ¢) DPC-C4-Ni. (f—i)
STEM-EDS elemental mapping of DPC-C4-Ni. (j) UV-DRS spectrum of DPC-C4 and DPC-C4-Ni (after subtraction of scattering due to
DFNS). (k) Ni 2p XPS spectra expanded in the region of Ni 2p; ,. (1) EELS specttum of DPC-C4-Ni. (m) DRIFT spectra of CO adsorbed on
DPC-C4 (bottom) and DPC-C4-Ni (a after purging and b before purging by argon gas). Electric field intensities (V m™) in (n) DFNS-Nj,

(o) DPC-C4, and (p) DPC-C4-Ni, using FDTD simulation.

catalyst due to active site sintering and coke formation. We,
therefore, asked this question: can this high-temperature
reaction be catalyzed at room to moderate temperature via
plasmonic excitation of H, and CO, using a plasmonic

catalyst?
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Plasmonic nanocatalysts are a paradigm in heterogeneous

14-21 .
Localized surface plasmon resonance

photocatalysis.
(LSPR) damping generates hot carriers as well as localized
heating in plasmonic nanoparticles, which then interact with
reactant molecules and activate their chemical bonds.”*™*° A
hybrid catalyst design in which plasmonic metal undergoes
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LSPR and induces optical polarization in a nonplasmonic
metal in its vicinity (known as forced plasmon) is another
innovative way to broaden the scope of plasmonic catalysis in a
variety of reactions.** >’

In this work, we have designed dendritic plasmonic
colloidosomes of Au loaded with nickel sites (DPC-C4-Ni),
prepared by loading four cycles of Au NPs on dendritic fibrous
nanosilica (DENS).**™*’ The choice of nickel was inspired by
its exceptional activities for thermal CO, hydrogenation. DPC-
C4-Ni absorbs broad-band light of the solar spectrum and
produces intense localized hot spots. When DPC-C4-Ni was
illuminated with visible light, it became highly catalytically
active, and it was able to catalyze CO, hydrogenation using
solar light. The CO, hydrogenation reaction mechanism was
studied by using (i) finite-difference time-domain simulations
(FDTD), (ii) light-intensity-dependent production rate, (iii)
light-intensity-dependent photocatalytic quantum efficiencies,
(iv) wavelength-dependent production rate, (v) kinetic isotope
effect (KIE), (vi) ultrafast transient absorption spectroscopy,
and (vii) in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS).

RESULTS AND DISCUSSION

Synthesis and Characterization of Dendritic Plas-
monic Colloidosome (Black Gold) Ni Catalyst. Conven-
tional plasmonic nanocatalysts have intense absorptions but
are narrow.'* ' In this work, we have designed and
synthesized dendritic plasmonic colloidosomes of Au (black
gold), based on a nickel photocatalyst that absorbs across the
entire visible to NIR range.

This was achieved by a high loading of Au with control over
gaps between Au nanoparticles (NPs) on the DENS**™*
support without significantly reducing its surface area and
porosity. The DENS sheet’s open fibrous morphology allowed
the deposition of Au NPs with controllable gaps between
them. Four cycle-by-cycle growth steps were needed to prepare
black gold (DPC-C4) having a good surface area with broad-
band light absorption. DPC-C4-Ni was prepared by Ni
deposition and hydrogen reduction (Figure la). A trans-
mission electron microscopy (TEM) analysis of DPC-C4
indicates a uniform coating of Au NPs on DFNS (Figures 1b,c
and Figure S1) having an average particle size of 9.5 nm,
distributed across the DENS spheres of ~500 nm. In the case
of DPC-C4-Nj, a thin coating of amorphous nickel oxide on
DPC-C4 was observed, onto which small Ni NPs (1—4 nm)
were loaded (Figure 1d,e and Figures S2—S8). In scanning
transmission electron microscopy high-angle annular dark-field
(STEM-HAADF) images of DPC-C4-Nj, the poor contrast
between the Au and Ni posed a challenge in exactly locating
the small Ni NPs on Au NPs (Figures S3 and S4). However,
point scanning transmission electron microscopy (STEM) with
energy-dispersive X-ray spectroscopy (EDS) was able to
distinguish Au NPs from the small Ni NPs loaded on Au
(Figures SS and S6). STEM-EDS elemental mapping of DPC-
C4-Ni indicated the uniform loading of Ni across DPC-C4
spheres (Figure 1f—i and Figure S7). The ultramicrotome
samples of DPC-C4-Ni (Figure S8) also indicated the uniform
loading of Au and Ni nanoparticles at different cross-sections
of the silica nanospheres. Powder X-ray diffraction (PXRD)
patterns of DPC-C4 indicated the formation of Au’ NPs
(Figure S9). PXRD of DPC-C4-Ni also did not show any
peaks for Ni (Figure S9), indicating the amorphous state of
nickel oxide and the small size of Ni NPs. Elemental analysis
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indicated that DPC-C4 has an Au loading of 51.3 + 4.7 wt %,
while DPC-C4-Ni has 46.8 + 2.2 wt % of Au and 9.2 + 2.1 wt
% of Ni. The Ni loading in DPC-C4-Ni was also found to be
9.6 + 0.9% by ICP-MS.

Plasmonic coupling and heterogeneity in Au NPs resulted in
black DPC-C4 (hence named black gold), due to broad-band
light absorption in the visible region (Figure 1j). An N,
sorption analysis indicated a decrease in surface area of
DPC-C4-Ni to 175 m* g~ (from 214 m* ¢! for DPC-C4),
while the pore volume decreased to 0.19 cm® g~ (from 0.31
cm® g~! of DPC-C4) (Figure S10). This reduction in porosity
was expected due to the coating of Ni species on DPC-C4. For
control experiments, DFNS-Ni was also synthesized by
reducing nickel nitrate on DFNS (Figure S11).

In an X-ray photoelectron spectroscopy (XPS) analysis
(Figure 1k and Figure S12), the binding energy (BE) of 84 eV
for Au 4f,, was consistent with the Au’ oxidation state (Figure
$12). The Ni 2p spectrum of DPC-C4-Ni showed a Ni 2p;,
binding energy of 8554 eV (Figure 1k), indicating the
presence of amorphous nickel oxide."" STEM with electron
energy loss spectroscopy (EELS) showed the Ni L; and L,
edges, which represented the Ni 2p — Ni 3d electron
transition and directly probed the Ni 3d orbital occupancy
(Figure 11), which also indicated the oxidized state of Ni. To
further probe the electronic state of nickel sites, a CO
adsorption followed by a DRIFTS study was then carried out
(Figure 1m). The spectra before argon (Ar) purging had
signals corresponding to CO adsorbed atop Au at 2063 cm™
and on low-coordinated Au sites at 2173 cm™ in DPC-C4 and
DPC-C4-Ni."" However, after purging the catalyst with
argon gas for 6 min (details in the Experimental Section in the
Supporting Information), the signals coming from Au sites
were reduced. This was because the plasmon excitation was
providing energy to desorb weakly bound CO from Au NPs as
compared to Ni NPs.*> The DRIFT spectra after argon
purging showed CO adsorbed on DPC-C4-Ni with two bands
centered at 2022 and 1976 cm™' assigned to CO molecules
adsorbed on Ni’ ultrasmall nanoparticles with linear and bridge
orientations, respectively.** This indicated the stronger binding
of CO on active Ni sites as compared to Au sites in the
presence of light.

FDTD simulations of DPC-C4-Ni (where DPC-C4 was
coated with a thin layer of nickel oxide) were carried out to
study the role of elevated electric fields (Figure In—p and
Figure S13). The electric field distribution under light
excitation in DENS-Ni (E = 23 V m™}, at the center of the
gap) was weak (Figure 1n), because the plasmon resonance of
Ni NPs falls in the UV range. The electric field distribution in
the case of DPC-C4 (E = 334 V m™') was high due to the
LSPR of gold nanoparticles under visible-light irradiation
(Figure 1lo). Notably, the calculated electric field was
significantly elevated in the case of DPC-C4-Ni (E = 1074 V
m™'), 47 times more than in DFNS-Ni, which can be
attributed to the near-field coupling between the Ni and Au
nanoparticles. The electric field was mainly concentrated
around Ni sites within the gaps of Au NPs (Figure 1p). This
elevated electric field can play a crucial role in the activation of
chemical bonds.””*” We conducted photoluminescence (PL)
studies of methylene blue (MB) dye in the presence and
absence of DPC-C4 or DPC-C4-Ni to further investigate the
effect of the enhanced electric field. After being excited by a
630 nm laser, pure MB emits a broad-band emission centered
around 760 nm (Figure S14). The presence of DPC-C4 and
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DPC-C4-Nj, in particular, increased MB emission by a factor
of 2.4. (Figure S14). The high electric field excites more MB
dye molecules, resulting in more emissions after the molecules
are relaxed to the ground state.*> DPC-C4 and DPC-C4-Ni did
not exhibit a strong PL; hence, their contribution to the
emission spectra of MB adsorbed on their surfaces was
marginal (Figure S14).

Plasmonic H,/D, Dissociation. We explored the DPC-
C4-Ni catalyst for H,/D, dissociation, which is a key step
toward the CO, hydrogenation reaction (Figure 2). When it
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Figure 2. Plasmon-induced H,/D, dissociation and formation of
HD. Light: xenon lamp (400—1100 nm, 0.78 W cm™2). Laser:
supercontinuum broad-band laser (400—2500 nm, 21.2 W cm™>).

was exposed to light, DPC-C4 showed no catalytic activity,
whereas DPC-C4-Ni showed a good amount of HD formation
(Figure 2). The temperature of the catalyst bed was measured
by inserting a thin thermocouple inside the bed (direct contact
with the catalyst powder), and it was found to be 50 °C, as we
used a visible-light source (not a laser). The dark experiment at
50 °C using DPC-C4-Ni showed no HD formation (Figure 2).

When the xenon lamp was replaced by a a high-power white-
light laser, DPC-C4-Ni showed greater HD formation (Figure
2). This power-dependence increase in activity indicates the
role of plasmonic excitation in catalysis. The significant
increase in HD formation by DPC-C4-Ni compared to
DPC-C4 and DENS-Ni also suggested the involvement of
charge carriers of Ni sites.”® Nickel nanoparticles were also
reported to show LSPR in the visible region, although for a
particle size of around 100 nm.”” For smaller Ni NPs, their
LSPR was in the UV range.** In DPC-C4-Ni catalysts, Ni NPs
are small (1—4 nm) and hence Ni NPs alone (without DPC-
C4) did not show any LSPR or optical excitation in the visible
region.

Plasmonic CO, Hydrogenation. We explored DPC-C4-
Ni for photocatalytic CO, hydrogenation (Figure 3). The
plasmonic CO, reduction using H, was performed in a flow
reactor, and the catalyst bed thickness was kept at ~1 mm, so
that light photons penetrate each DPC-C4-Ni sphere across
the catalyst bed (Scheme S1). Photocatalytic CO, reduction
using different light intensities (without any external heating)
as well as in the dark (with external heating) was carried out
under a flow of CO, (10 mL/min) and H, (1 mL/min) and
monitored using online micro gas chromatography (GC)
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(Figure 3a). We used a thin thermocouple and inserted it
directly into the catalyst powder bed to measure its surface
temperature, T, (Scheme S2). A high CO production rate of
2464 + 40 mmol gy ' h™' with 95% CO selectivity was
achieved using DPC-C4-Ni at 2.7 W cm ™ light intensity and
T, reached 223 °C (no external heating). A small amount of
CH, (5%) was also formed (Figure 3a,b). For control dark
experiments, DPC-C4-Ni was evaluated at various temper-
atures (84, 136, 153, 183, 216, and 223 °C) using external
heating, corresponding to different light intensities (Figure 3a).
No product formation was observed up to 223 °C. At 300 °C,
a CO production rate of only 272 mmol gy h™' was
observed as compared to 2464 mmol gy;' h™' in the light
(Figure 3a and Figure S15). Thus, DPC-C4-Ni showed 9 times
more activity in light as compared to the dark.

To understand the intertwined thermal and nonthermal
effects, we studied the catalyst response in successive light (L)
and dark (D) modes. The product sampling time difference
(At) was defined as the time between switching the light on or
light off and the product quantification time (GC injection
time). The catalyst became active as soon as we switched on
the light (Figure 3c). However, T, took time to reach its
maximum temperature. Also, on switching the light off, the
production rate decreased sharply, whereas T remained nearly
the same (Figure S16a). If the thermal effect had been the only
driving force in the catalysis reaction, the CO, production rate
would not drop suddenly after the light was switched off, as T,
was nearly the same for some time after the light was switched
off (Figure S16a). The successive ten cycles of L and D
showed the same fast response in every cycle (Figure S16b).
The product selectivity of CO, hydrogenation also provided
information about catalysis pathways. DPC-C4-Ni showed
95% CO selectivity and only 5% methane in light, whereas in
the dark at 300 °C, it showed increased methane selectivity
(20%). These experiments indicated that nonthermal effects
played a pivotal role in CO, reduction. Several control
experiments were also carried out using DPC-C4 and DENS-
Ni as catalysts under exactly the same photocatalytic
conditions (Figure 3d). DPC-C4 showed no catalytic activity
in light, even at 223 °C. DFNS-Ni showed no activity in light
at 183 °C, while at 223 °C, a small amount of CO (2.1 mmol
gni ' h™') and methane (4.4 mmol gy, h™") was formed. This
further indicated the role of plasmonic DPC-C4 in activating
Ni sites. We also carried out CO, hydrogenation by DPC-C4-
Ni without the H, reduction step to unravel the role of NiO in
catalysis. However, in this case, no CO was formed,
establishing Ni’ as the active site and not NiO.

To confirm that CO, was the sole carbon source, a control
experiment without CO, was carried out and neither CO nor
CH, was detected (Figure 3d). An isotope experiment was
conducted by replacing the normal '*CO, feed gas with
isotopically labeled '*CO, gas, and the products were identified
by GC-MS. The signal corresponds to *CO (m/z = 29), and
BCH, (m/z = 17) in the mass spectrum (Figure 3ef), further
confirming that the hydrogenated products originated from the
CO, feed gas.

To understand the stability of DPC-C4-Ni, photocatalytic
CO, hydrogenation was conducted for 100 h in a continuous-
flow reactor (Figure 3g). Notably, the catalyst was stable for
100 h with a nearly constant CO production rate and CO
selectivity. After catalysis, it showed no change in PXRD or
light absorption behavior (Figures S17 and S18), while XPS
showed a more metallic Ni phase due to in situ reduction
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Figure 3. Plasmonic CO, hydrogenation using DPC-C4-Ni. (a) Production rate and (b) selectivity of CH, and CO in light at various
intensities and in dark at different temperatures: H, (1 mL min™"), CO, (10 mL min™"), 400—1100 nm using a xenon lamp. No external
heating was used in the case of light experiments. (c) Production rate and catalyst surface temperature as a function of product sampling
time difference (At). (d) Control experiments using different catalysts under various reaction conditions. Mass spectra of (e) '*CH, and (f)
13CO, obtained using labeled *CO, as the feed. (g) Long-term stability study under the flow condition using light without external heating.

during catalysis. TEM images and EDS elemental mapping of
the spent catalyst indicate no sintering of nanoparticles (Figure
S18), while a Raman analysis of the spent catalyst showed no
carbon formation, indicating a coke-free CO, hydrogenation
process due to the low temperature of the reaction (Figure
S17d).

For a further understanding of the plasmonic activation
mechanism, we studied the dependence of CO production rate
on light intensity (Figure 4a). We monitored the surface
temperature of the catalyst, which was found to be in the range
of 84—223 °C (Scheme S2). We observed a linear dependence
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of CO production rate with light intensity (Figure 4a),
indicating the presence of nonthermal pathways. In addition,
the thermal effect was also playing its part, as, under light
illumination, the population of excited vibrational states of
adsorbed CO, and H, on DPC-C4-Ni increases, and these
excited states need less energy to overcome the activation
barrier, thus reducing the overall activation energy barrier of
the reaction (Figure 4b,c).

Figure 4b shows the Arrhenius plot for the apparent
activation energy barrier (Eapp) of CO, hydrogenation to CO
in light using DPC-C4-Ni and also in the dark at various
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of the CO, hydrogenation in the dark and in light. The slope of each curve gave the activation energy. (c) Plasmonic mechanism of

catalyst surface temperatures. The E,, for the reaction in light
was 21.3 + 2.1 kJ mol ™, whereas E,,, for the reaction in the
dark was 65.8 + 2.6 kJ mol ™. This indicates a large decrease in
the activation energy barrier, AE,,, &~ 44.4 k] mol™, from dark
to visible light due to plasmonic excitation (Figure 4c). Thus,
because of the low activation barrier for CO, hydrogenation to
CO in light, the reaction rate was extremely fast, as both the
CO desorption and z-bond cleavage were accelerated by
plasmonic excitation. The observed photoenhancement in the
production rate of CO also indicated the role of the
nonthermal pathway in the CO, hydrogenation, and the
thermal effect played a minimal role in the CO, hydrogenation
(Figure S19, Supplementary Note-2, and Excel sheet-2).'¥*
We then carried out light-wavelength-dependent catalysis
(Figure S20). Since black gold is a broad-band light absorber,
we did not observe wavelength-dependent activity in the visible
range. Hence, it was difficult to differentiate various optical
absorption channels. When we used pure IR light (808 nm),
the catalytic activity was drastically reduced (Figure S$20),
indicating plasmonic excitation is only possible in the visible
range and the photothermal channel was not efficient in DPC-
C4-Ni.

We conducted the CO, hydrogenation reaction at various
light intensities and temperatures (Figure 5). We observed the
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superlinear dependence of CO production on the light
intensity with a power law exponent of 5.6 (rate  I") (Figure
Sa). This behavior of plasmonic catalysts was reported to be a
signature of multielectron-driven plasmonic reactions.”’

It is known that plasmonic catalysts generally show a
positive relationship between the reaction temperature and the
reaction rate in light.” We also observed this positive
relationship for DPC-C4-Ni; at a constant light intensity, the
CO production rate increased with an increase in reaction
temperature (Figure Sb,c). Notably, the quantum efficiency of
this CO, hydrogenation process by black gold-Ni increased
with an increase in reaction temperature at constant light
intensity (Figure Sd). This is yet another confirmation of hot-
carrier-assisted plasmonic photocatalysis.”’

To further confirm the role of hot electrons, experiments
were carried out to study the kinetic isotope effect (KIE) of
photocatalytic CO, hydrogenation using *CO, and *CO, in
light and dark (Figure 6a). We observed enhanced KIE in light
(1.91) as compared to dark (~1), which again indicated the
electron-driven plasmonic CO, hydrogenation. The difference
in reaction rate for *CO, vs '*CO, was due to different masses
of these isotopes, with the lighter isotope '?CO, experiencing
more acceleration (as compared to the heavier *CO, isotope)
under plasmonic excitation, reaching higher vibrational states
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and, hence, more reaction probability.”' In order to investigate details in SI). We found that on adding MQ, the CO
the role of hydrogen gas, we conducted plasmonic CO, production rate drops drastically, from 2450 mmol g, "'h™" to
hydrogenation by replacing H, gas with D, and the signal 175 mmol gy, 'h™" (Figure $22). This indicates that the MQ_
corresponding to the formation of D,O was observed in a mass competed with CO, for hot electrons to reduce itself to
spectrometer (Figure 6b,c). This indicated that H, was acting methyl-p-hydroquinone, and this resulted in the drop in CO,

as a hole quencher. reduction reaction and hence CO production rate.

c;fo get msflg?t into t}'lde ele;tm&\t;angfer ratfes’ we Stu.c:ed ;he Operando DRIFTS Studies for CO, Hydrogenation
re ucmlri of ferricyanide [Fe(CN)e]™" to errocyanice [ ¢ Mechanism. In situ DRIFTS'” spectra were acquired in the
(CN)4I*, catalyzed by DPC-C4 and DPC-C4-Ni (Flgure . . . .
. . dark and in the light during the CO, reduction (Scheme S3
S21). The photocatalytic rate catalyzed by DPC-C4-Ni was 6.3 ; . . o
and Figure 7). DRIFT spectra in the light exhibited a strong

X 107 min™!, 1.2 times more than that of DPC-C4 (5.6 X .
107* min™"). The higher rate of electron transfer in the case of peak centered at 2042 cm™" assigned to C=0O (double bond

DPC-C4-Ni than DPC-C4 suggests hot electron transfer from between C and O) stretching vibrations of linearly bonded CO
Au to Ni, which was then used to catalyze the reduction of atop a Ni atom (Ni’~CO)"* (Figure 7d). A weak signal
Fe’* to Fe**. We then carried out CO, hydrogenation in the centered at 1931 cm™" was assigned to bridge carbonyl species,
presence of an electron-accepting molecule, methyl-p-benzo- i.e, CO bonded to three neighboring Ni atoms of Ni NPs.'?
quinone (MQ),””*" during CO, hydrogenation (experimental There was no signal at ~3015 cm™" (Figure 7b) or ~1591
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gaseous CO, (d) adsorbed CO, and (e) adsorbed formate species in the light. For DRIFTS experiments in the light, no external heating was

used.

cm™" (Figure 7e), indicating the absence of gaseous methane
and adsorbed formate species, respectively.'”

This showed that CO, hydrogenation was taking place by a
direct dissociation path (Figure 7a). The linearly bonded CO
on Ni sites of DPC-C4-Ni were weakly bonded due to its weak
Ni—C bond (as compared to trifold bridge bonded CO), and
hence CO desorption was efficient, restricting further hydro-
genation to methane and hence leading to more than 95% CO
selectivity. DRIFT spectra showed intense peaks for gaseous
CO and CO adsorbed on silica at 2178 and 2115 cm™" (Figure
7c), confirming the weak CO—Ni bonding and swift CO
desorption.'* After flushing, the peak for CO,4, was absent in
DRIFT spectra, further confirming the weak bonding of CO
with Ni sites. These peaks were absent in the dark (Figure 7b—
e, bottom spectra), due to no CO, hydrogenation under these
conditions.

Due to highly dispersed Ni sites on DPC-C4, expedited
formation of linearly bonded Ni’~CO was favored, while
strong multicoordinate Ni bonding to CO was disfavored
(Figure 7). This allowed fast kinetics and high CO
productivity, in addition to good selectivity. However,
Weckhuysen et al.'> observed that Ni nanoparticles below 2
nm, due to their lower d-band energy, caused slow desorption
of CO and hence showed poor catalytic performance. In our
catalytic system, even after the small size of Ni NPs, catalytic
performance was good. This contradictory observation is
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explained using the concept of plasmonic excitation.”>™>® In

the case of DPC-C4-Ni, the hypothesis was hot electrons are
either generated in Ni due to an intense electric field within
black gold hot spots (a direct mechanism) or charges are first
generated in a black gold antenna and then injected into the Ni
reactor (an indirect mechanism) (Figure 8a). A fraction of
these hot electrons then interact with reactant CO,, activating
it and lowering the activation energy barrier. Also, during the
damping of black gold LSPR, electrons in the nickel d-band
can be excited to higher energy levels (hot electrons). Also, the
filling of the Ni d-band due to hot-electron transfer from Au to
Ni can take place. Ultrafast transient absorption spectroscopy
(TAS) measurements were performed to study the involve-
ment of hot electrons and their transfer to Ni (Figure 8).

The transient result (pumped—unpumped) reveals the
characteristic negative signal (bleach) centered at the laser
wavelength excitation and two positive signals or “winglets”, as
reported elsewhere.”’ > The signal dynamics contains
information about electron—electron (e-e), electron—phonon
(e-ph), and phonon—phonon (ph-ph) scattering. The e-ph
lifetime relates to Au NP electronic heat capacity, which is
proportional to both the electronic temperature and the
electron density, making it highly sensitive to the electronic
structure of the metal.*’

Figure 8b,c shows the contour plots of DPC-C4 and DPC-
C4-Ni. Both maps are dominated by a Au plasmon signal with
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Figure 8. (a) Schematic of direct vs indirect energy transfer processes that can result in hot-electron population in a Ni reactor. Surface plots
of (b) DPC-C4 and (c) DPC-C4-Ni. (d) Kinetic trace extracted at the maximum of the winglet (white dotted lines on surface plots) for both
samples and (e) kinetic trace extracted at the minimum of bleach observed at around 410 nm for DPC-C4-Ni (red dotted line on DPC-C4-
Ni surface plot). The signal is overplotted with a kinetic trace for plasmon decay to compare kinetics. Experimental details are given in the

Experimental Section in the Suppporting Information.

characteristic positive winglet (450—520 nm) and bleach
(520—600 nm). The winglets to the red of the bleach signal
were omitted for visualization purposes. Kinetic traces
extracted at the maximum of the winglets are presented in
Figure 8d. The increasing component relates to the formation
of hot carriers and elastic e-e scattering. We estimated the
processes to be 302 + 63 and 419 + 107 fs for DPC-C4 and
DPC-C4-Nj, respectively. The first decay provides information
on the e-ph scattering lifetime. This was estimated using an
exponential function to be 2.16 + 0.11 and 1.64 + 0.12 ps for
DPC-C4 and DPC-C4-Nj, respectively. The reduction of e-ph
lifetime observed in the DPC-C4-Ni sample compared to
DPC-C4 relates to changes in the plasmon electronic structure
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consistent with hot carrier transfer from Au to Ni.*"** The
final components were estimated to be 311.9 & 79.3 and 429.5
+ 141 ps for DPC-C4 and DPC-C4-Nj, respectively, and relate
to the ph-ph scattering events leading to heat release to the
surroundings.

The observed changes in e-ph lifetime cannot be used to
identify which kind of charge was transferred from Au to Ni.
However, a careful analysis of the surface plots reveals a
negative signal centered at 410 nm in the DPC-C4-Ni sample,
which is absent in the DPC-C4 sample. The signal has an
increasing component with a maximum at around 0.54 ps and
a lifetime of 1.09 + 0.69 ps, which mirrors the e-ph signal of
the sample (Figure 8e). The signal appears in the region where
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one may expect the Ni d—d transitions.””** Moreover, the
negative direction of the signal suggests a decrease in the
empty states in the Ni d-band, which is consistent with hot-
electron donation from Au to Ni. The existence of an
increasing component of the signal with its maximum after the
elastic e-e relaxation suggests that changes in Ni electron
density occur after the formation of hot carriers. This allied to
the observed changes in e-ph lifetime means that the hot
electrons generated from the indirect process are transferred to
Ni sites. The direct hot carrier generation in Ni due to the
intense electric field of DPC-C4 can also take place; however,
this should yield a nearly instantaneous change in Ni electron
density, which is not consistent with our observations.
Therefore, we propose the indirect hot-electron generation
mechanism has the leading component for Ni electronic
changes and, consequently, its catalytic behavior. However, the
direct hot carrier generation in Ni due to the intense electric
field of DPC-C4 should also be taking place, and the overall
hot carrier population in DPC-C4-Ni was the combination of
both direct and indirect hot-electron generation mechanisms.

Comparison with Best Reported Photocatalytic
Systems. When DPC-C4-Ni was compared with some of
the best-reported photocatalysts (plasmonic and semiconduct-
ing) for CO, to CO conversion,”** we found that DPC-C4-
Ni shows a high production rate and high stability (Figure S24
and Table S1). Our catalyst showed 2464 + 40 mmol gy, ' h™'
CO production, i.e., ~182 times higher (in the flow) (Table
S1), using only light without any external heating.

We have also compared DPC-C4-Ni with other reported
CO, hydrogenation plasmonic catalysts,'”**~*” where water in
combination with sacrificial agents was used instead of
hydrogen gas. The activity of all these catalysts was very low,
with less than 100 umol g™' h™' productivity of total
products,'”**~% as compared to 2464 + 40 mmol gy~ h™
for DPC-C4-Ni. This indicates that generating hydrogen from
water separately and then reacting the produced green
hydrogen with CO, using a plasmonic photocatalyst is a
more sustainable CO, hydrogenation path.

CONCLUSIONS

We have demonstrated that plasmonic black gold-nickel
efficiently catalyzes CO, hydrogenation using visible light.
The reaction took place at temperatures as low as 84—223 °C
without external heating. We found a multifold increase in the
catalytic activity as compared to DPC-C4 to the extent that
measurable photoactivity was only observed with DPC-C4-Ni.
It showed the best-reported CO production rate of 2464 + 40
mmol g, ' h™" and a selectivity greater than 95% under the
flow conditions. The catalyst showed extraordinary stability
(100 h).

Superlinear power-law dependence on the light intensity
(power law exponent of 5.6) with photocatalytic quantum
efficiencies increased with an increase in light intensity and
reaction temperature, while the kinetic isotope effect (KIE) in
the light (1.91) was higher than that in the dark (~1),
confirming the hot-electron-mediated reaction mechanism.
Ultrafast studies of hot-carrier dynamics proved the superfast
electron injection from Au to Ni, populating the Ni reactor
with charge carriers. We observed a spectral signature of such
an indirect charge generation due to hot-electron transfer from
the gold to the nickel. Finite-difference time-domain
simulations also showed plasmon-induced high local field
intensity enhancement in DPC-C4-Ni.
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An in situ DRIFTS study showed C=O stretching
vibrations of linearly bonded CO atop a Ni atom, while bridge
carbonyl species formation was hindered. CO, hydrogenation
took place by a direct dissociation path via linearly bonded
nickel-CO. The linearly bonded CO on Ni sites of DPC-C4-
Ni were weakly bonded due to its weak Ni—C bond. Hence
CO desorption was efficient, restricting hydrogenation to
methane, leading to more than 95% CO selectivity.

The high production rate and selectivity were due to Ni NPs
being highly dispersed on black gold, providing a weakly
bonded CO pathway, in addition to the excellent light-
harvesting ability of black gold. Due to the excitation of
electrons in the nickel d-band to a higher energy level during
plasmonic damping of black gold SPR, as well as to filling of Ni
d-band due to hot electron transfer from black gold to Ni, Ni
sites showed excellent activity even at a smaller particle size.
The excellent catalytic performance of black gold-Ni indicates
the potential use of black gold to design innovative catalysts for
a range of other reactions in addition to CO, reduction.

METHODS

Experimental methods for the synthesis of dendritic plasmonic
colloidosomes (black gold) as well as methods for plasmonic
photocatalysis in the flow reactor for CO, hydrogenation, and H,/
D, dissociation are given in the Supporting Information.
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