
Plasmonic Cu Nanoparticles for the Low-temperature Photo-driven
Water-gas Shift Reaction

Jiaqi Zhao+, Ya Bai+, Zhenhua Li,* Jinjia Liu, Wei Wang, Pu Wang, Bei Yang, Run Shi,
Geoffrey I. N. Waterhouse, Xiao-Dong Wen, Qing Dai, and Tierui Zhang*

Abstract: The activation of water molecules i n t hermal
catalysis typically requires high temperatures, represent-
ing a n obstacle t o c atalyst development f or t he l ow-
temperature water-gas s hift r eaction ( WGSR). P las-
monic photocatalysis allows activation of water at l ow
temperatures t hrough t he g eneration o f l ight-induced
hot e lectrons. Herein, w e r eport a l ayered d ouble
hydroxide-derived c opper c atalyst ( LD-Cu) with o ut-
standing performance f or t he l ow-temperature photo-
driven WGSR. LD-Cu offered a l ower activation energy
for WGSR to H2 under UV/Vis i rradiation (1.4 Wcm� 2 )
compared t o u nder d ark c onditions. Detailed e xperi-
mental studies revealed t hat highly dispersed Cu nano-
particles created an abundance of hot electrons during
light absorption, which promoted *H2O dissociation and
*H combination via a carboxyl pathway, l eading t o t he
efficient p roduction o f H2. Results d emonstrate t he
benefits o f e xploiting p lasmonic p henomena i n t he
development of photo-driven l ow-temperature WGSR
catalysts.

Introduction

Hydrogen ( H2) i s a very promising energy c arrier, widely
considered t he l ogical s uccessor t o f ossil f uels f or t rans-
portation a nd e lectricity g eneration.[1] The water-gas s hift
reaction ( WGSR, CO+H2O!CO2+H2) i s an i ndispensable
catalytic p rocess i n t oday’s c hemical i ndustry f or H 2

production. The WGSR i s t hermodynamically f avored a t
low t emperatures, but generally requires high t emperatures
(>300 °C) when u sing c atalysts b ased o n e arth-abundant
elements ( e.g. Cu-based c atalysts a nd Fe-based c atalysts)
due t o kinetic l imitations a ssociated with s uch c atalysts.[2]

With a v iew t owards l owering t he e nergy i nput o f H2

production, r esearchers are now actively s eeking c atalysts
for t he l ow-temperature WGSR, which requires t he discov-
ery of strategies capable of efficiently activating water at low
temperatures ( operating t emperatures below 250 °C).[3] Re-
cently, Ma et al. reported t hat noble-metal Au clusters and
Pt1� Ptn clusters on α-MoC delivered excellent l ow-temper-
ature WGSR activity, obtaining record-breaking H2 produc-
tion rates.[2a, 4] Whilst i mpressive, t he use of noble metals t o
thermally drive the l ow-temperature WGSR i s not viable for
industrial scale H2 manufacture due to high capital costs and
massive heat energy i nput s upplied electrically or t hrough
the c ombustion of f ossil f uels. Therefore, t he design a nd
development of non-noble metal catalysts capable of activat-
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ing water a nd e fficiently d riving t he WGSR with c lean
energy at low temperatures is a priority.

Recently, i t was r eported t hat t he WGSR c ould b e
driven by s emiconductor photocatalysts under l ight i rradi-
ation at room temperature.[5] However, whilst of fundamen-
tal i nterest, t he rates of hydrogen production i n t he photo-
catalytic WGSR studies are far below i ndustry l evels.[5a–d] In
contrast, Cu-based p hotothermal WGSR c atalysts ( CuOx

semiconductors) operating at 250–350 °C under l ight i rradi-
ation yielded H2 production r ates close t o t raditional high-
temperature t hermal catalysts.[5e–g, 6] However, t he perform-
ance o f t hese p hotothermal WGSR c atalysts a t l ower
temperatures (<250 °C) was inferior to thermal nobel metal-
based c atalysts.[2,7] B y e xploiting t he l ocalised s urface
plasmon r esonance ( LSPR) e ffects i n metal nanoparticle-
based c atalysts ( Au, Ag a nd Cu), i t may be possible t o
significantly l ower t he o perating t emperature o f t he
WGSR.[8] Hot electrons generated f rom t he c opper nano-
particles u nder L SPR e xcitation c an b e t ransferred t o
adsorbates s uch a s water, t hereby l eading t o e nhanced
adsorbate a ctivation.[9] B y t his a pproach, i t s hould b e
possible t o overcome t he high barrier of water dissociation
to *OH and *H, l eading t o enhanced WGSR activity under
very mild conditions.[10] To date, Cu LSPR effects have not
been exploited i n l ow-temperature WGSR studies, motivat-
ing a detailed i nvestigation. The t opological t ransformation
method using l ayered double hydroxide (LDH) nanosheets
as a precursor offers many advantages i n t he s ynthesis of
supported metal nanoparticle catalysts, i ncluding high metal
loading capacity, high metal dispersion and small size of the
active metal particles.[11] We hypothesized t hat by using a
CuAl-containing LDH precursor, i t s hould be possible t o
synthesize c atalysts with densely packed Cu nanoparticles
on a t wo-dimensional (2D) alumina support, t hus achieving
efficient photo-driven low-temperature WGSR catalysis.

Herein, we s ynthesized a novel LDH-derived c opper-
based c atalyst ( LD-Cu) f or t he p hoto-driven WGSR,
comprising Cu nanoparticles dispersed i n high density over
an amorphous alumina s upport. Under UV/Vis i rradiation
from a X e l amp, L D-Cu d emonstrated e xcellent H 2

production activity at l ow t emperatures ( 160–240 °C), with
notably enhanced WGSR activity compared t o t ests under
dark c onditions. WGSR t ests u nder d ifferent monochro-
matic l ight s ources r evealed t he e levated H2 p roduction
activity under UV/Vis i rradiation was due t o excitation of
the LSPR of the Cu nanoparticles l eading to the creation of
hot electrons. I n s itu diffuse r eflectance Fourier t ransform
infrared s pectroscopy ( DRIFTS) a nd d ensity f unctional
theory ( DFT) c alculations f urther r evealed t hat l ight-
induced LSPR effects promoted the activation of water and
the generation of hydrogen. To our knowledge, t his i s t he
first s tudy t o r eport a s ignificant i mprovement of WGSR
performance t hrough Cu LSPR e ffects. Results pave t he
way f or t he d evelopment o f l ow-cost p hoto-driven Cu
catalyst s ystems f or t he WGSR and other l ow-temperature
photothermal reactions.

Results and Discussion

For t he s ynthesis of t he LD-Cu catalyst ( Figure 1a), CuAl
layered double hydroxide nanosheets ( CuAl-LDH) with a
Cu/Al r atio of 1 : 1 was f irstly prepared, t hen c alcined t o
form a CuAl-mixed metal oxide ( CuAl-MMO) a t 5 00 °C.
Thermal reduction of t he CuAl-MMO i n a H2/Ar (10/90, v/
v) a tmosphere a t 2 00 °C ( the r eduction t emperature was
determined according t o t he H2-TPR profile i n Figure S1)
yielded LD-Cu. Owing t o t he 2D l ayered s tructure of t he
CuAl-LDH precursor ( shown i n Figure S2), t he obtained
CuAl-MMO a nd L D-Cu p roducts a lso p ossessed t wo-
dimensional morphologies ( Figure S3 a nd S4a), c onsistent
with t  he t  opotactic t  ransformation o  f t  he L  DH
nanosheets.[12] High angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM) i maging and
element maps showed Cu nanoparticles densely distributed
over an alumina support (Figure 1b). High-resolution t rans-
mission electron microscopy ( HRTEM) f urther c onfirmed
the p resence o f C u n anoparticles h ighly d ispersed o n
alumina, with t he a verage s ize o f t he Cu n anoparticles
estimated t o b e 7 .1�1.2 nm ( Figure S4b). Lattice f ringes
with a spacing of 0.21 nm, corresponding to Cu (111) planes
(Figure 1c), f urther v erified t he p resence o f metallic Cu
nanoparticles. Energy dispersive spectrometry (EDS) analy-
sis s howed t hat t he Cu/Al r atio of LD-Cu was s till �1 : 1
(Figure S5), t he s ame a s t he CuAl-LDH p recursor ( See
Experimental Procedures f or details). I nductively c oupled
plasma-optical emission s pectroscopy ( ICP-OES) and N2O
titration tests were conducted to further confirm the catalyst
composition a nd C u d ispersion o f L D-Cu, r espectively
(Table S1). X-ray diffraction ( XRD) was used t o t rack t he
structural c hanges o n g oing f rom CuAl-LDH t o CuAl-
MMO and finally LD-Cu (Figure S6). CuAl-LDH showed a
characteristic set of (003), (006) and (009) reflections, which
were r eplaced b y r eflections d ue t o metallic Cu n ano-
particles i n LD-Cu. Cu K-edge X-ray absorption s pectro-
scopy ( XAS) was a lso a pplied t o f ollow t he t opotactic
structural t ransformation o f CuAl-LDH t o LD-Cu ( Fig-
ure 1d). The Cu K-edge X-ray absorption near-edge s truc-
ture ( XANES) s pectra f or CuAl-LDH a nd CuAl-MMO
were s imilar t o t hat of CuO, c onfirming t he presence of
Cu2+ c oordinated by oxygen. Conversely, t he Cu K-edge
XANES data f or LD-Cu resembled t hat of t he metallic Cu
foil r eference, i ndicating t he t ransformation of cationic Cu
species t o metallic Cu d uring t he CuAl-MMO r eduction
step. Cu K-edge extended X-ray absorption f ine s tructure
(EXAFS) results supported this conclusion (Figure 1e). The
EXAFS data f or CuAl-LDH and CuAl-MMO s howed an
intense Cu� O c oordination f eature at �1.5 Å i n R s pace,
whereas LD-Cu only s howed metallic Cu� Cu coordination
(2.2 Å i n R space). In k space (Figure S7), LD-Cu showed a
main o scillation d ue t o metallic Cu a t 6 .5 Å� 1 whereas
CuAl-LDH and CuAl-MMO showed a main oscillation due
to cationic Cu at 4.0 Å� 1 . Based on t he results above, i t can
be c oncluded t hat t he s tepwise t ransformation C uAl-
LDH!CuAl-MMO!LD-Cu created a catalyst with a dense
loading of small Cu nanoparticles supported on amorphous
Al2O3.



The o btained LD-Cu c atalyst s howed e xcellent l ight
absorption at UV and visible wavelengths, t hus s uggesting
the c atalyst would p ossess g ood p hotothermal e fficiency
(Figure S8). Under UV/Vis i rradiation with a l ight i ntensity
of 1.4 W cm� 2 , t he t emperature of LD-Cu surface i ncreased
rapidly t o 2 00 °C o ver 1 5 min a nd t hen maintained t his
temperature ( Figure S9). F igure 2a e xamines t he p hoto-
driven WGSR p erformance o f L D-Cu u nder U V/Vis
irradiation at mild temperatures between 160 to 240 °C. The
H2 production rate over LD-Cu at 200 °C was a remarkable
114.35 μmol gcat

� 1 s � 1 under UV/Vis i rradiation with t he l ight
intensity of 1.4 W cm� 2 . I n t he t ested t emperature window,
the p hoto-driven WGSR o ffered s ignificantly h igher H2

production r ates t han during t hermal catalysis at t he s ame
temperature, i ndicating p hoto-driven p romotion o f t he
WGSR at t hese l ow t emperatures. Furthermore, t he appa-
rent a ctivation e nergy f or t he WGSR d ecreased f rom
35.3 kJmol� 1 u   nder t hermal c onditions t o 2 7.3 kJmol� 1 

under UV/Vis i rradiation c onditions ( Figure 2b). I mpor-
tantly, the H2 production at 200 °C showed a strong depend-
ence o n t he UV/Vis l ight i ntensity ( Figure 2c), f urther
suggesting t hat t he enhanced WGSR activity under UV/Vis
irradiation originated f rom LSPR effects ( i.e. hot electron
injection f rom t he Cu n anoparticles i nto H2O a nd CO
reactants).[8] T he WGSR p erformance o f p reviously r e-
ported p hoto-driven a nd t hermal c atalytic s ystems a re

summarized i n Figure 2d a nd Table S2, with t he v arious
catalysts being compared on t he basis of t heir mass specific
activity. The c omparison r eveals t hat t he LD-Cu c atalyst
developed i n t his work operated at a much l ower WGSR
temperature compared with t he previously reported photo-
thermal c atalysts based on Cu-containing s emiconductors.
Moreover, t he performance of LD-Cu was similar t o noble
metal-based catalysts i n thermo-catalysis, significantly better
than t he t raditional t hermo-catalytic C u-based c atalysts
(including a c ommercial Cu/ZnO/Al2O3 c atalyst), and also
vastly superior to photocatalytic materials operating at room
temperature. LD-Cu showed a l ow WGSR activation energy
and a l ow WGSR temperature window (Figure 2e), confirm-
ing t hat t he p hoto-driven s trategy a dopted h ere a llowed
efficient a ctivation o f r eactant m olecules ( H2O a nd
CO).[2a, b, 6b,c, 7b–d, 13] Next, photo-driven WGSR was conducted
for 5 cycles over the LD-Cu catalyst, with the results shown
in Figures S10–12.

To i nvestigate t he s pecific p romotion mechanism(s)
occurring on LD-Cu under UV/Vis irradiation leading to the
enhanced l ow-temperature WGSR p erformance, we c on-
ducted a s eries of f undamental s tudies c ombining i n s itu
experiments and t heoretical simulations. We f irst measured
the WGSR activity at 200 °C over LD-Cu under different
“monochromatic” l ight i rradiation i n t he UV/Vis r ange
using different narrow bandpass f ilters ( 350, 400, 450, 500,

Figure 1. a) Synthesis of LD-Cu from CuAl-LDH nanosheets; b) HAADF-STEM i mage and EDS element maps for LD-Cu; c) HRTEM i mage for LD-
Cu; d) Cu K-edge XANES and e) Cu K-edge EXAFS spectra i n R space for CuAl-LDH, CuAl-MMO, LD-Cu and selected reference samples.



550, 6 00 a nd 7 00 nm), a s s hown i n F igure S13. WGSR
activity was s trongly dependent on t he wavelength of t he
monochromatic l ight i rradiation (Figure 3a). The maximum
H2 production r ate was observed under 550 nm i rradiation
at a l ight i ntensity of 0.2 Wcm� 2 (comparable t o t he photo-
driven p  erformance u  nder U  V/Vis i  rradiation o  f
1.4 W cm� 2 ) . As the wavelength of the excitation monochro-
matic l ight s hifted f urther f rom 550 nm, t he H2 production
rate d ecreased t o t he l evel o f d ark c onditions. The Cu
nanoparticles i n LD-Cu s howed a s trong LSPR absorption
at 5 50 nm ( Figure S14), t hus t he H2 production r esults i n
Figure 3a t rack closely with t he LSPR excitation of t he Cu
nanoparticles. The l ight-to-energy s torage ( LES) efficiency
calculated f rom t he i ncreased WGSR activity under mono-
chromatic l ight i rradiation at 550 nm was c alculated t o be
1.22 %. I ndeed, t he LES efficiency under different mono-
chromatic l ight i rradiation a lso t racked c losely with t he
LSPR a bsorption o f LD-Cu, f urther c onfirming t hat t he
generation o f h ot e lectrons b y t he C u n anoparticles
promoted t he photo-driven WGSR. The enhanced kinetic
isotope effect (KIE) i s commonly used to study hot electron
injection i nto t he reactants (CO and H2O) during plasmon-
mediated photothermal processes.[14] Here, t he KIE of D2O

was h igher t han t hat o f 1 3CO, i ndicating t hat p lasmonic
activation of H2O was s electively e nhanced on LD-Cu.[10]

These studies f urther demonstrated t hat t he LSPR effect of
the s upported Cu nanoparticles i n LD-Cu boosted WGSR
activity. To g ain d eeper i nsights a bout t he LSPR e ffect,
light-induced electric f ields around s ingle Cu nanoparticles
and densely arranged Cu nanoparticles with the appropriate
size were s imulated by t he f inite difference t ime domain
(FDTD) method. Under l ight i rradiation a t 5 50 nm, t he
maximum i ntensity (jE j 2/ jE0 j

2       ) of t he electric f ield around
a supported Cu nanoparticle with t he diameter of 8 nm was
�21, as s hown i n Figure S15. For t he LD-Cu nanocatalyst
containing a bundant C u n anoparticles ( Figure S16), t he
electric f ields were s trongly l ocalized i n t he gaps between
the neighboring Cu nanoparticles. Therefore, t he maximum
intensity of the electric field over LD-Cu in Figure 3c and 3d
was much higher (�62) than that around a single supported
Cu nanoparticle. The r esults s uggest t hat t he v isible-light
absorbing Cu n anoparticles i n LD-Cu a cted a s t he h ot
electron s ource a nd a ctive s ites i n t he WGSR, u nlike
Ouyang et al.‘s work where UV absorption by CuOx s emi-
conductors c reated c onduction band e lectrons which t hen
participated in the WGSR.[5e]

Figure 2. a) Comparison of H2 production rates for photo-driven (UV/Vis i rradiation) and thermal (Dark) WGSR over LD-Cu at 160–240 °C.
b) Arrhenius plots of photo-driven (UV/Vis i rradiation) and thermal (Dark) WGSR over LD-Cu. c) WGSR activity over LD-Cu at 200 °C and different
UV/Vis l ight i ntensity. d) Summary of the mass specific activity for photothermal, thermal and photocatalytic WGSR over typical noble metal and
Cu-based catalysts. e) WGSR activation energy of LD-Cu, typical noble metal and Cu-based catalysts.



In order to explore the i nfluence of LSPR-mediated hot
electrons on the WGSR i ntermediates, i n situ DRIFTS data
were collected on LD-Cu under a f lowing gas ( Ar or CO)
containing w ater v apor a t 2 00 °C ( Figure 3e). I nitially
adsorption/reaction studies were conducted i n t he dark. At
the b eginning o f t he e xperiments, a rgon g as with water
vapor was passed over the catalyst. After 2 min, the Ar was
swapped f or CO, with t he i ntensity of t he O� H bending
vibration of a dsorbed water ( *H2O) a t a round 1 670 cm� 1 

decreasing rapidly (becoming negative due t o t he consump-
tion o f water), i ndicating t he o ccurrence o f t he t hermal
WGSR.[15] T he c onsumption o f * H2O w as d ue t o i ts
reforming with *CO t o produce adsorbed carboxyl groups
(*COOH) a s t he c rucial WGSR i ntermediate.[3a] T he
carboxyl groups could easily dehydrogenate over metal sites
to f orm c arboxylate g roups ( *COO� ), l eading t o t he
intensification of peaks a t 1 590 a nd 1 374 cm� 1 a ssociated
with a nti-symmetric a nd s ymmetric s tretching O � C-O
vibrations c   omplexed w   ith s   urface C   u c   enters,
respectively.[16] The subsequent formation of *CO2 was l ater
evidenced by t he appearance of additional peaks at around
2360 and 2334 cm� 1 ), confirming t hat t he WGSR proceeded

via a carboxyl mechanism over LD-Cu. After t he i ntroduc-
tion of CO, t he peak i ntensities f or t he *COO� a nd *CO2

features remained unchanged after �10 min, i ndicating t hat
the a bsorption a nd a ctivation o f water o ver t he c atalyst
surface was l imiting t he f urther g eneration o f * COO�

intermediates and f inal products (*CO2) i n t hermal WGSR
(under dark conditions). When monochromatic l aser l ight at
532 nm was i rradiated on t he catalyst s urface, t he negative
peak f or * OH g roups a t a round 1 670 cm� 1 d isappeared,
indicating t hat t he adsorption and activation of water was
promoted o n t he p lasmonic LD-Cu c atalysts u nder l ight
irradiation. Moreover, t he peak i ntensities f or t he *COO�

intermediate (1590 and 1374 cm� 1 ) and *CO2 product (2360
and 2334 cm� 1 ) i ncreased r apidly, i ndicating t hat t he addi-
tional s urface * OH g roups e nhanced WGSR a ctivity.
Further, a new peak at around 2900 cm� 1 appeared, which
could readily be assigned t o t he C� H vibrations i n f ormate
(*HCOO) c reated t hrough a CO2 hydrogenation pathway
(*CO2+*H).[3a, 17] I t s hould be noted t hat under t he dark
conditions, a minor p eak due t o bicarbonate ( 1435 cm� 1 ,
symmetric O� C-O stretching vibration) was observed, which
lost i ntensity under 532 nm i rradiation. This s uggested t hat

Figure 3. a) WGSR activity and LES efficiency over the LD-Cu catalysts at 200 °C under i rradiation of different l ight wavelengths. The green curve i s
the absorption spectrum for a Cu nanoparticle showing the LSPR excitation. b) KIE comparison between l ight and dark conditions over LD-Cu at
200 °C. c,d) Simulated electric fields according to the actual distribution of Cu nanoparticles supported on Al2O3. The colored bar shows the
electric field i ntensity normalized by the l ight source i ntensity (jE j 2/ jE0 j

2       ). e) In situ DRIFT spectra of LD-Cu for WGSR under dark and l ight
conditions at 200 °C.



the desorption of CO2 was promoted i n t he photo-driven
regime, t hus preventing bicarbonate f ormation.[18] No other
new peaks were observed, i ndicating t hat t he hot electrons
created b y C u n anoparticles i n t he p lasmonic L D-Cu
catalysts did not change t he main reaction path or produce
any new i ntermediates, but s imply promoted t he original
carboxyl r eaction mechanism b y o vercoming t he h igh
barriers o f water a ctivation a nd d issociation. F igure S17
shows the integrated peak intensities for the different groups
(*H2O, * COO� a nd * CO2) with t ime d uring t he i n s itu
DRIFTS experiment under dark and l ight conditions. Note
the a brupt c hange i n t he p eak i ntensities c ause b y t he
application of t he 532 nm l aser after 20 min. These r esults
confirmed that the hot electrons i nduced by LSPR over LD-
Cu enhanced t he adsorption and activation of water, t hus
promoting t he p roduction o f c arboxyl i ntermediates a nd
enhancing WGSR kinetics under light irradiation.

Finally, t o obtain f ull understanding of reaction mecha-
nism, c onventional DFT ( ground s tate) a nd c onstrained
DFT ( excited s tate) c alculations were preformed t o s tudy
the effect of l ight i rradiation on potential energy surface of
the WGSR via t he carboxyl pathway.[19] The computational
details are provided i n t he Experimental Procedures. A Cu
(111) s urface model was u sed i n t he c alculations ( Fig-
ure S18). Since t he Cu nanoparticles are t he active s ite f or
the WGSR, i t was not necessary t o i nclude t he a lumina
support i n t he calculations. The r oute i s i nitiated by *H2O
activation t o yield *OH and *H s pecies. Then *CO r eacts
with *OH s pecies t o produce t he f inal *CO2 product, with
*H s pecies c ombining t o p roduce H2. T he c alculated
reaction energies and energy barriers f or different elemen-
tary r eaction s teps on t he Cu ( 111) s urface were l isted i n
Table S3, w ith t he c orresponding t ransition s tate ( TS)
configurations s hown i n F igure S19. According t o o ur
calculations (Figure 4a), electron excitation had a negligible
effect on t he adsorption s trength of both *H2O and *CO.
But for the activation of *H2O through O� H bond cleavage
(*H2O!*H+*OH), t he a ctivation b arrier w as g reatly
decreased ( 0.63 eV u nder e xcited s tate c onditions v s.
1.05 eV under ground s tate c onditions). This i s c onsistent

with o ur e xperimental o bservation t hat LSPR e xcitation
processes i n LD-Cu promoted water dissociation. Thermo-
dynamically, t he *H2O!*H+*OH s tep was also f avorable
under excited state conditions (an exothermic energy release
of 0 .33 eV c ompared t o only 0 .06 eV under g round s tate
conditions). F or t he s ubsequent * COOH f ormation a nd
*COOH d issociation t o * CO2 s teps, t hough t he r eaction
barriers were slightly i ncreased i n t he excited state, t hough
the overall potential e nergy profile was downshifted a nd
thus more energetically f avorable compared t o t he ground
state. I n addition, t he hydrogen evolution r eaction via t he
combination of t wo hydrogen a toms ( *H+*H!*H2) was
favored kinetically (0.44 vs. 0.85 eV) and thermodynamically
(0.30 vs. 0.41 eV) under t he excited electron r egime. The
excited state also allowed easier desorption of t he products
(H2 and CO2) with s tronger exothermic energies compared
to the ground state (0.12 vs. 0.03 eV). We further considered
the role of metal-oxide i nterface i n the WGSR (Figure S20),
which demonstrated that the overall potential energy profile
on a Cu/Al2O3 i nterface under excited state conditions was
downshifted and t hus energetically f avorable c ompared t o
that under ground s tate conditions, exactly t he s ame t rend
as was s een f or t he Cu(111) model s urface. I n s ummary,
both t he activation of H2O and t he generation of H2 were
promoted i n the presence of excited electrons. In Figure 4b,
we propose a LSPR-mediated WGSR mechanism over LD-
Cu i n which t he l ight-induced LSPR electrons promote t he
dissociation of H2O, l eading t o t he generation of H2 and
CO2 through a carboxyl intermediate pathway.

Conclusion

In conclusion, a LD-Cu catalyst with a high density of Cu
nanoparticles was s uccessfully s ynthesized f rom a CuAl-
LDH nanosheet precursor and a CuAl-MMO i ntermediate.
The LD-Cu c atalyst exhibited a very l ow WGSR r eaction
temperature window and excellent activity f or H2 produc-
tion u nder UV/Vis i rradiation c ompared t o t he d ark
(thermal) conditions. Detailed experimental and t heoretical

Figure 4. a) The ground-state and excited-state potential energy profile of the WGSR on a Cu (111) surface. b) Proposed photo-driven WGSR
mechanism through a carboxyl pathway over the LD-Cu catalyst. Color code of atoms: Cu (orange), C (grey), O (red), H (white).



investigations, i ncluding i n s itu DRIFTS c haracterization
studies and DFT c alculations, r evealed t hat t he Cu nano-
particle LSPR effect created hot electrons which selectively
promoted t he dissociation of *H2O and t he combination of
two * H, t hereby e nhancing t he k inetics o f H2 a nd CO2

evolution via a carboxyl pathway. This work demonstrates
for t he f irst t ime t hat p lasmonic Cu n anoparticle-based
catalysts can efficiently drive the WGSR at very low temper-
atures, t hus opening new vistas f or t he design of l ow-cost
photo-driven c atalysts f or t he WGSR a nd other c atalytic
reactions that rely on water activation to proceed efficiently.

Acknowledgements

The a uthors a re g rateful f or f inancial s upport f rom t he
National K ey P rojects f or F undamental R esearch a nd
Development o f China ( 2018YFB1502002), t he National
Natural S  cience F  oundation o  f C  hina (  51825205,
52120105002, 22088102, 21902168), the Postdoctoral Science
Foundation of China ( 2021M703288), t he Beijing Natural
Science Foundation ( 2191002), t he CAS Project f or Young
Scientists i n Basic Research (YSBR-004), the DNL Cooper-
ation F und, CAS ( DNL202016), t he Youth I nnovation
Promotion Association of t he CAS, and t he Collaborative
Innovation Center for Water Environment Security of Inner
Mongolia Autonomous Region, China ( XTCX003). The
XAS e xperiments were c onducted i n 1 W1B beamline of
Beijing Synchrotron Radiation Facility ( BSRF). GINW i s
supported by a James Cook Research Fellowship, adminis-
tered by the Royal Society Te Apārangi. This work received
additional f inancial support f rom t he MacDiarmid Institute
for Advanced Materials a nd N anotechnology a nd t he
Energy Education Trust of New Zealand.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Research data are not shared.

Keywords: Cu-Based Catalysts · Layered Double Hydroxide · 
Localized Surface Plasmon Resonances · Photo-Driven
Catalysis · Water-Gas Shift Reaction

[1] a) T. Takata, J. Jiang, Y. Sakata, M. Nakabayashi, N. Shibata,
V. Nandal, K. Seki, T. Hisatomi, K. Domen, Nature 2020, 581,
411–414; b) Y. Li, Y.-K. Peng, L. Hu, J. Zheng, D. Prabhakar-
an, S. Wu, T. J. Puchtler, M. Li, K.-Y. Wong, R. A. Taylor,
S. C. E. Tsang, Nat. Commun. 2019, 10, 4421.

[2] a) S. Yao, X. Zhang, W. Zhou, R. Gao, W. Xu, Y. Ye, L. Lin,
X. Wen, P. Liu, B. Chen, E. Crumlin, J. Guo, Z. Zuo, W. Li, J.
Xie, L. Lu, C. J. Kiely, L. Gu, C. Shi, J. A. Rodriguez, D. Ma,
Science 2017, 357, 389–393; b) Q. Fu, H. Saltsburg, M. Flytzani-
Stephanopoulos, Science 2 003, 3 01, 9 35–938; c ) K. Ding, A.

Gulec, M. Johnson Alexis, M. Schweitzer Neil, D. Stucky Ga-
len, D. Marks Laurence, C. Stair Peter, Science 2015, 350, 189–
192.

[3] a) A. A. Gokhale, J. A. Dumesic, M. Mavrikakis, J. Am. Chem.
Soc. 2008, 130, 1402–1414; b) Y.-L. Lee, K. Lee, C. H. Ko, H.-
S. Roh, Chem. Eng. J. 2022, 431, 134299.

[4] X. Zhang, M. Zhang, Y. Deng, M. Xu, L. Artiglia, W. Wen, R.
Gao, B. Chen, S. Yao, X. Zhang, M. Peng, J. Yan, A. Li, Z.
Jiang, X. Gao, S. Cao, C. Yang, A. J. Kropf, J. Shi, J. Xie, M.
Bi, J . A. v an Bokhoven, Y.-W. L i, X. Wen, M. F lytzani-
Stephanopoulos, C. Shi, W. Zhou, D. Ma, Nature 2021, 589,
396–401.

[5] a) F. Sastre, M. Oteri, A. Corma, H. García, Energy Environ.
Sci. 2013, 6, 2211–2215; b) S. M. Fang, B. H. Chen, J. M. White,
J. Phys. Chem. 1982, 86, 3126–3130; c) L. Millard, M. Bowker,
J. Photochem. Photobiol. A 2002, 148, 91–95; d) C. Yixuan, W.
Zhaobin, C. Yanxin, L. Huaxin, H. Zupei, L. Huiqing, D.
Yonglei, Y. Chuying, L. Wenzhao, J. Mol. Catal. 1983, 21, 275–
289; e) L. Zhao, Y. Qi, L. Song, S. Ning, S. Ouyang, H. Xu, J.
Ye, Angew. Chem. Int. Ed. 2019, 58, 7708–7712; Angew. Chem.
2019, 131, 7790–7794; f ) F. Liu, L. Song, S. Ouyang, H. Xu,
Catal. Sci. Technol. 2019, 9, 2125–2131; g) C. Shi, D. Yuan, L.
Ma, Y. Li, Y. Lu, L. Gao, X. San, S. Wang, G. Fu, J. Mater.
Chem. A 2020, 8, 19467–19472.

[6] a) M. Zhu, P. Tian, R. Kurtz, T. Lunkenbein, J. Xu, R. Schlögl,
I.E. Wachs, Y.-F. Han, Angew. Chem. Int. Ed. 2019, 58, 9083–
9087; Angew. Chem. 2 019, 1 31, 9 181–9185; b ) Z. H. Zhang,
S. S. Wang, R. Song, T. Cao, L. F. Luo, X. Y. Chen, Y. X. Gao,
J. Q. Lu, W. X. Li, W. X. Huang, Nat. Commun. 2017, 8, 488;
c) Z. Zhang, X. Chen, J. Kang, Z. Yu, J. Tian, Z. Gong, A. Jia,
R. You, K. Qian, S. He, B. Teng, Y. Cui, Y. Wang, W. Zhang,
W. Huang, Nat. Commun. 2 021, 1 2, 4 331; d ) M. Zhu, I . E.
Wachs, ACS Catal. 2016, 6, 1764–1767; e) F. R. García-García,
M. A. Rahman, I . D. González-Jiménez, K. Li, Catal. Today
2011, 171, 281–289; f ) G. Aguila, A. Valenzuela, S. Guerrero,
P. Araya, Catal. Commun. 2013, 39, 82–85.

[7] a) N. Liu, M. Xu, Y. Yang, S. Zhang, J. Zhang, W. Wang, L.
Zheng, S. Hong, M. Wei, ACS Catal. 2019, 9, 2707–2717; b) L.
Sun, J. Xu, X. Liu, B. Qiao, L. Li, Y. Ren, Q. Wan, J. Lin, S.
Lin, X. Wang, H. Guo, T. Zhang, ACS Catal. 2021, 11, 5942–
5950; c) N. Yi, R. Si, H. Saltsburg, M. Flytzani-Stephanopoulos,
Energy Environ. Sci. 2 010, 3 , 8 31–837; d) N. M. Schweitzer,
J. A. Schaidle, O. K. Ezekoye, X. Pan, S. Linic, L. T. Thomp-
son, J. Am. Chem. Soc. 2011, 133, 2378–2381.

[8] a) L. Zhou, J . M. P. Martirez, J . F inzel, C . Zhang, D. F.
Swearer, S . T ian, H. R obatjazi, M. L ou, L . Dong, L .
Henderson, P. Christopher, E. A. Carter, P. Nordlander, N. J.
Halas, Nat. Energy 2020, 5, 61–70; b) P. Christopher, H. Xin,
A. Marimuthu, S. Linic, Nat. Mater. 2012, 11, 1044–1050.

[9] a) X. Xu, F. Luo, W. Tang, J . Hu, H. Zeng, Y. Zhou, Adv.
Funct. Mater. 2018, 28, 1804055; b) Y. Xin, K. Yu, L. Zhang, Y.
Yang, H. Yuan, H. Li, L. Wang, J. Zeng, Adv. Mater. 2021, 33,
2008145.

[10] S. Xu, S. Chansai, C. Stere, B. I nceesungvorn, A. Goguet, K.
Wangkawong, S. F. R. Taylor, N. Al-Janabi, C. Hardacre, P. A.
Martin, X. Fan, Nat. Catal. 2019, 2, 142–148.

[11] M. Xu, M. Wei, Adv. Funct. Mater. 2018, 28, 1802943.
[12] a ) Z. Li, J. Liu, Y. Zhao, G. I. N. Waterhouse, G. Chen, R. Shi,

X. Zhang, X. Liu, Y. Wei, X.-D. Wen, L.-Z. Wu, C.-H. Tung,
T. Zhang, Adv. Mater. 2018, 30, 1800527; b) Y. Zhao, Z. Li, M.
Li, J. Liu, X. Liu, G. I. N. Waterhouse, Y. Wang, J. Zhao, W.
Gao, Z. Zhang, R. Long, Q. Zhang, L. Gu, X. Liu, X. Wen, D.
Ma, L.-Z. Wu, C.-H. Tung, T. Zhang, Adv. Mater. 2018, 30,
1803127; c) Z. Li, J. Liu, Y. Zhao, R. Shi, G. I. N. Waterhouse,
Y. Wang, L.-Z. Wu, C.-H. Tung, T. Zhang, Nano Energy 2019,
60, 467–475; d) X. Zhang, G. Q. Cui, H. S. Feng, L. F. Chen, H.

https://doi.org/10.1038/s41586-020-2278-9
https://doi.org/10.1038/s41586-020-2278-9
https://doi.org/10.1126/science.aah4321
https://doi.org/10.1126/science.1085721
https://doi.org/10.1126/science.aac6368
https://doi.org/10.1126/science.aac6368
https://doi.org/10.1021/ja0768237
https://doi.org/10.1021/ja0768237
https://doi.org/10.1016/j.cej.2021.134299
https://doi.org/10.1038/s41586-020-03130-6
https://doi.org/10.1038/s41586-020-03130-6
https://doi.org/10.1039/c3ee40656c
https://doi.org/10.1039/c3ee40656c
https://doi.org/10.1021/j100213a014
https://doi.org/10.1016/S1010-6030(02)00077-1
https://doi.org/10.1016/0304-5102(93)80127-G
https://doi.org/10.1016/0304-5102(93)80127-G
https://doi.org/10.1002/anie.201902324
https://doi.org/10.1002/ange.201902324
https://doi.org/10.1002/ange.201902324
https://doi.org/10.1039/C9CY00359B
https://doi.org/10.1039/D0TA07190K
https://doi.org/10.1039/D0TA07190K
https://doi.org/10.1002/anie.201903298
https://doi.org/10.1002/anie.201903298
https://doi.org/10.1002/ange.201903298
https://doi.org/10.1021/acscatal.5b02961
https://doi.org/10.1016/j.cattod.2011.03.083
https://doi.org/10.1016/j.cattod.2011.03.083
https://doi.org/10.1016/j.catcom.2013.05.007
https://doi.org/10.1021/acscatal.8b04913
https://doi.org/10.1021/acscatal.1c00231
https://doi.org/10.1021/acscatal.1c00231
https://doi.org/10.1039/b924051a
https://doi.org/10.1021/ja110705a
https://doi.org/10.1038/s41560-019-0517-9
https://doi.org/10.1038/nmat3454
https://doi.org/10.1002/adfm.201804055
https://doi.org/10.1002/adfm.201804055
https://doi.org/10.1002/adma.202008145
https://doi.org/10.1002/adma.202008145
https://doi.org/10.1038/s41929-018-0206-2
https://doi.org/10.1002/adfm.201802943
https://doi.org/10.1002/adma.201800527
https://doi.org/10.1002/adma.201803127
https://doi.org/10.1002/adma.201803127
https://doi.org/10.1016/j.nanoen.2019.03.069
https://doi.org/10.1016/j.nanoen.2019.03.069


Wang, B. Wang, X. Zhang, L. R. Zheng, S. Hong, M. Wei, Nat.
Commun. 2019, 10, 5812.

[13] N. A. K oryabkina, A. A. P hatak, W. F. R uettinger, R . J.
Farrauto, F. H. Ribeiro, J. Catal. 2003, 217, 233–239.

[14] S. Yu, P. K. Jain, Angew. Chem. Int. Ed. 2020, 59, 22480–22483;
Angew. Chem. 2020, 132, 22666–22669.

[15] X. Chen, G. He, Y. Li, M. Chen, X. Qin, C. Zhang, H. He,
ACS Catal. 2020, 10, 9706–9715.

[16] a ) J. Vecchietti, A. Bonivardi, W. Xu, D. S tacchiola, J . J.
Delgado, M. Calatayud, S . E. Collins, ACS Catal. 2 014, 4 ,
2088–2096; b) K. Mudiyanselage, S. D. Senanayake, L. Feria, S.
Kundu, A. E. Baber, J . Graciani, A. B. Vidal, S. Agnoli, J .
Evans, R. Chang, S. Axnanda, Z. Liu, J. F. Sanz, P. Liu, J. A.

Rodriguez, D. J. Stacchiola, Angew. Chem. I nt. Ed. 2013, 52,
5101–5105; Angew. Chem. 2013, 125, 5205–5209.

[17] M. Xu, S. Yao, D. Rao, Y. Niu, N. Liu, M. Peng, P. Zhai, Y.
Man, L. Zheng, B. Wang, B. Zhang, D. Ma, M. Wei, J. Am.
Chem. Soc. 2018, 140, 11241–11251.

[18] N. C. Nelson, M.-T. Nguyen, V.-A. Glezakou, R. Rousseau, J.
Szanyi, Nat. Catal. 2019, 2, 916–924.

[19] B. Kaduk, T. Kowalczyk, T. Van Voorhis, Chem. Rev. 2012,
112, 321–370.

Manuscript received: December 30, 2022
Accepted manuscript online: February 3, 2023
Version of record online: February 17, 2023

https://doi.org/10.1002/anie.202011805
https://doi.org/10.1002/ange.202011805
https://doi.org/10.1021/acscatal.0c01901
https://doi.org/10.1021/cs500323u
https://doi.org/10.1021/cs500323u
https://doi.org/10.1002/anie.201210077
https://doi.org/10.1002/anie.201210077
https://doi.org/10.1002/ange.201210077
https://doi.org/10.1021/jacs.8b03117
https://doi.org/10.1021/jacs.8b03117
https://doi.org/10.1038/s41929-019-0343-2
https://doi.org/10.1021/cr200148b
https://doi.org/10.1021/cr200148b

