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The hydrogenation of carbon dioxide into profitable chemicals is a viable path toward achieving the
objective of carbon neutrality. However, the typical approach for hydrogenation of CO, heavily relies on
thermally driven catalysis at high temperatures, which is not aligned with the goals of carbon neutrality.
Thus, there is a critical need to explore new catalytic methods for the high-efficiency conversion of CO,.
Herein, we present a new class of catalysts, featuring phosphorus-doped amorphous ruthenium
nanoparticles supported on copper nanoparticles, which capitalizes on the plasmonic effects of copper
to achieve the photothermal transformation of CO, to CO within a gas—solid flow system. Our findings
indicated that the reaction efficiency in the presence of photothermal energy was over eight times

Received 14th October 2024 greater than that with thermal energy alone. The catalyst system exhibited nearly 100% selectivity
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towards CO under mild conditions, with an impressive CO yield of 123.16 mmol g~* h™* This study

DOI: 10.1035/d4ra07361d highlights the significant potential of amorphous metal phosphides in photocatalytic CO, hydrogenation
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1. Introduction

Transforming carbon dioxide into profitable chemicals through
green hydrogenation represents a favourable strategy for
addressing  energy-related crises and environmental
degradation.’™ This transformation is particularly beneficial as
it repurposes CO, into basic chemicals for renewable
compounds without relying on traditional fossil fuel sources.’”
The hydrogenation process of CO, commonly results in the
formation of C1 chemicals, such as carbon monoxide (CO),
methane (CH,), and methanol (CH3;0H).**> CO is particularly
valuable as it can be integrated into existing synthetic pathways
to produce a range of useful chemicals, including alcohols,
liquid hydrocarbons, and organic acids.”*'® However, the
hydrogenation of CO, for selectively producing CO, known as
the reverse water-gas shift reaction (RWGS), is complex.””*°
This is due to the competing reactions for formation of unde-
sired side products, such as methanol and methane.

C02 + H2 < CO + H20 (1)
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under mild conditions and offers a fresh avenue for the robust catalysis of amorphous materials.

The transformation of CO, into useful chemicals through
hydrogenation is constrained owing to the thermodynamic
stability of CO, molecules.>*** As a result, catalytic processes for
the hydrogenation of CO, generally necessitate energy-intensive
input (i.e., high temperatures and pressures). To reduce the
substantial energy expenditure, there is a critical demand for
the development of catalysts that can facilitate reactions with
minimal energy input. This obstacle could be surmounted by
employing advanced photocatalytic systems that are capable of
initiating reactions under mild conditions, thereby decreasing
the reliance on conventional thermal activation pathways that
are driven by energy-intensive phonon mechanisms.**?

In the recent past, the realm of plasmonics has captured the
attention of the scientific community owing to its remarkable
ability to absorb light across the entire spectrum and potent
photothermal conversion capabilities.”® Metal nanoparticles
that are active in plasmonics, including gold, silver, copper, and
aluminum, have been recognized for their photocatalytic roles
in a broad spectrum of chemical transformations.>**® These
plasmonic metals possess the property of localized surface
plasmon resonance (LSPR), which amplifies the light absorp-
tion capacity of a photocatalyst. By leveraging LSPR, these
metals become excitable under illumination, resulting in
a substantial enhancement of the local electric field. A high
concentration of hot electrons is also generated on the surface
of the plasma structure.>**> Consequently, this enhancement
leads to milder reaction conditions and a reduction in side
reactions, thereby increasing the selectivity towards target
products. Copper nanostructures are especially noteworthy due
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to their cost-effectiveness and pronounced LSPR effects across
a wide range of wavelengths from UV to NIR.>* New findings
indicate that hybrid structures, integrating plasmonic metal
nanoparticles with materials that possess inherent catalytic
activity, can significantly boost the efficiency and selectivity of
photocatalytic reactions.

The fusion of phosphorus with transition metal compounds
presents promising prospects for catalyzing hydrogen and
oxygen evolution reactions and CO, hydrogenation.**>* For
example, Chen et al., introduced a novel anionic substitution
technique to significantly improve the RuP catalytic efficiency
for HER.** The resultant N-RuP/NPC catalyst exhibited excep-
tional performance, surpassing the activity of many platinum-
free alternatives with record-breaking turnover frequencies.
Furthermore, the incorporation of phosphorus through doping
can significantly modulate the electronic configuration of Ru,
thereby creating a plethora of active sites that facilitate CO,
adsorption.** Therefore, ruthenium phosphide (RuP) is
considered as an exceptional candidate for the hydrogenation
of carbon dioxide.

In this study, we utilized a straightforward chemical reduc-
tion approach to fabricate a catalyst comprising amorphous
ruthenium nanoparticles doped with phosphorus and sup-
ported on copper nanoparticles. The catalyst was subsequently
applied to the photothermal catalysis of CO, under hydroge-
nation conditions. The catalyst exhibits enhanced selectivity
and stability for the photothermal hydrogenation of CO,
through the manipulation of Ru electronic configurations. The
catalytic activity of 123.16 mmol g~' h™' was attained at
a temperature of 300 °C under atmospheric pressure. The
findings from our experiments indicate that the integration of
copper nanoparticles effectively channelled light energy into the
catalytic framework, resulting in a nearly eightfold increase in
catalytic activity in the presence of photothermal effects
compared to thermally-driven processes alone. This work offers
valuable perspectives on the development of copper-based
plasmonic catalysts.

2. Experimental section
2.1 Materials and reagents

In this study, all chemicals were procured from Aladdin Reagent
Company. Unless otherwise specified, the reagents used
throughout our experiments were of analytical grade and did
not require additional purification.

2.2 Catalyst preparation

Taking the synthesis of the 4% RuP/Cu catalyst as an example,
0.8 g of CuCl,-2H,0 powder was introduced into a beaker
containing 100 mL of ultrapure water under vigorous stirring.
Subsequently, 3.45 mL of a RuCl, solution (10 mg mL™") was
added to the above solution, followed by the addition of 1.6 g
sodium hypophosphite and 0.28 g sodium citrate. Then, the pH
of the mixed solution was stabilized at about 11.75 with 2 M
NaOH solution. Thereafter, the solution was kept at 90 °C in an
oil bath for 8 hours at a stirring speed set to 600 rpm. Once the
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oil bath treatment was complete, the precipitate was washed 6
times with a mixture of water and ethanol and then dried
overnight in an oven at 80 °C to obtain the catalyst precursor 4%
RuP/CuO. After the precursor was thoroughly dried, a measured
amount of the precursor powder was weighed using a quartz
boat and placed in a tubular furnace. Finally, the precursor was
kept at 300 °C for two hours in a 10% H,/Ar atmosphere with
a temperature gradient of 5 °C min~ " to obtain the final catalyst,
4% RuP/Cu.

The preparation of Cu serves as a control to isolate variables.
It was prepared in much the same way as 4% RuP/Cu, with the
exception of the omission of the RuCl; solution.

2.3 Catalyst characterization

The nitrogen adsorption-desorption isotherms were acquired
at 77 K utilizing a Micromeritics ASAP 2010 analyzer, employing
the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods to determine the specific surface area
and pore volume, respectively. The wide-angle X-ray diffraction
(XRD) analysis was conducted on a Rigaku Ultimate IV instru-
ment utilizing CuKe radiation (A = 1.54 A) at a voltage and
current of 40 kv and 40 mA, respectively. X-ray photoelectron
spectroscopy (XPS) measurements were executed with a Thermo
Scientific K-Alpha system, with the C 1s peak set at 284.8 eV for
charge referencing. Transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM) were
conducted using a JEOL JEM 2100F electron microscope oper-
ating at 200 kV. The temperature-programmed desorption
(TPD) analysis of the catalysts was performed using a Micro-
meritics AutoChem II analyzer with a thermal conductivity
detector (TCD) in a 10% H,/Ar atmosphere. Samples were pre-
treated at 300 °C under an Ar flow for 30 minutes, followed by
H, adsorption at ambient temperature for 30 minutes. After an
Ar purge for 30 minutes, the TPD procedure was initiated with
a heating rate of 10 °C per minute.

2.4 Activity measurement

The catalytic activity for CO, hydrogenation was evaluated in
a self-made flow reactor system (Fig. S1f). The products were
analyzed online using a gas chromatography (GC) system (Agi-
lent, GC7890B) equipped with both a thermal conductivity
detector (TCD) and a flame ionization detector (FID). Typically,
the catalyst was homogeneously mixed with 0.5 g of quartz
sand, which was then packed into the central window of
a homemade quartz tube (10 mm x 10 mm X 2 mm) and
secured with quartz wool to prevent dispersion. A 300 W xenon
lamp (Beijing Poffet) served as the light source, and a circu-
lating water-cooling system was installed at the sapphire
window of the reactor to eliminate the photothermal effects
induced by the xenon lamp. In a typical test, the catalyst was
placed in a raw gas environment at room temperature, with the
flow of the raw gas controlled by a mass flowmeter. After
flushing with the raw gas for 30 minutes, the reactor tempera-
ture was raised to the target reaction temperature. Also, the real-
time monitoring of the reaction temperature was conducted
using two thermocouples. In the photothermal reaction, the
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thermal effect was entirely provided by external heating. All feed
gases contained 25% argon as an internal standard. After
stabilization for 60 minutes, the light source was turned on to
initiate the photothermal reaction. The output gases were
analyzed in real-time using GC. Quantitative analysis of the
gaseous products was performed using both the FID and TCD
detectors.

3. Results and discussion
3.1 Synthesis and characterization of catalysts

The morphology and structure of the typical samples were first
characterized using TEM. As shown in Fig. 1, the Cu nano-
particles in 4% RuP/Cu were primarily in the size range of 1.1 +
0.4 nm (Fig. 1a and inset of Fig. 1a). Fig. 1b indicates clear
lattice fringes of 0.178 nm and 0.210 nm corresponding to the
Cu(200) plane and Cu(111) plane, respectively. No crystal
fringes were observed at the edges of the nanoparticles, indi-
cating that RuP was predominantly amorphous in the structure.
The energy-dispersive X-ray spectroscopy (EDS) results reveal
the uniform dispersion of Cu, Ru, and P elements within the 4%
RuP/Cu catalyst (Fig. 1c—f).

The phase structure of the prepared samples was determined
using XRD. As depicted in Fig. 2a, the diffraction peaks for the
Cu nanoparticle catalysts with varying RuP loadings appear at
approximately 43°, 46°, and 74°, which coincide with those of
Cu.*” A significant peak observed prior to 40° corresponds to the
characteristic peak of Cu,O, which may arise from oxidation
during catalyst storage. The XRD patterns of the catalysts with
different RuP loadings reveal a rightward shift in the full-width
peak positions upon the introduction of RuP, which is attrib-
utable to changes in the lattice parameters. The lattice param-
eter of Cu is 361.49 pm, whereas that of Ru is 270.59 pm; the
introduction of an element with a smaller lattice parameter
component results in the rightward shift of the peaks.*®** The
absence of Ru diffraction peaks may be due to the amorphous
structure of RuP and the high crystallinity of the Cu
nanoparticles.

Cu(200)
d=0.178 nm

X

14

Cu(111)
d=0.210 nm

]00 nm

Fig. 1
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Subsequently, the electronic states of Cu, Ru, and P in 4%
RuP/Cu were investigated using XPS. In the XPS spectrum of 4%
RuP/Cu (Fig. 2b), the Cu peaks were fitted using Lorentz-
Gaussian functions, with two fitted peaks corresponding to
Cu(0) for Cu® 2p;,, and Cu® 2p,,, positioned at 932.4 eV and
952.3 eV, respectively.’” The peaks for Cu(i) correspond to Cu*"
2psj2 and Cu®* 2p; ), located at 933.5 eV and 953.6 €V, respec-
tively.*” The Cu LMM auger electron spectra of 4% RuP/Cu
(Fig. S27) exhibited a peak at 568.1 eV, suggesting the exis-
tence of Cu® species in 4% RuP/Cu. The predominance of zero-
valent Cu in 4% RuP/Cu, as indicated by the relative areas of
their fitted peaks, was consistent with the findings from XRD.
Fig. 2c displays the main peak for P 2p at 133 eV, characteristic
of phosphorus bonded with oxygen in phosphate species, while
the peaks corresponding to the sp,,, and sp;, hybridization of P
with Ru appear at 130.3 eV and 128.6 eV, respectively. Fig. 2d
reflects the two hybridized peaks of Ru 3p orbitals that corre-
spond to the P 2p orbitals, appearing at 484.9 eV and 462.6 eV,
respectively.?*3%*°

The specific surface area of the prepared samples was
measured through N, adsorption-desorption isotherms (Fig. 3a
and Table S1t), revealing the high specific surface area of Cu
nanoparticles and the low specific surface area of RuP. The large
specific surface area of Cu nanoparticles is likely due to their
small particle size. After loading RuP, the specific surface area
of the 4% RuP/Cu sample decreased, which is attributed to the
wrapping of Cu nanoparticles by RuP, leading to an increase in
the particle size.

To further investigate the interaction between RuP and Cu,
we characterized the samples using H,-TPD (Fig. 3b). All cata-
lysts in the figure exhibit three desorption peaks corresponding
to three different adsorption modes: a hydrogen adsorption
peak for metallic Cu around the low-temperature region of 90 °
C, a hydrogen adsorption peak for Cu interacting with P
elements around the medium-temperature region of 140 °C,
and a hydrogen adsorption peak for Cu interacting with O
elements in the high-temperature region of 260 °C. Comparing
the blue and red lines in the figure, it can be observed that the
addition of RuP caused a leftward shift in the adsorption peak

(a) and (b) TEM images and particle size distribution (inset a) as well as (c)-(f) element mappings of 4% RuP/Cu.
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Fig. 2 (a) XRD patterns of different catalysts; XPS spectra of the (b) Cu 2p, (c) P 2p and (d) Ru 3p levels of 4% RuP/Cu.

near 140 °C in the medium-temperature region. This is because
Ru has a higher electronegativity than Cu, and the electron-
deficient Ru further facilitates the flow of electrons from Cu
to Ru, increasing the electronegativity of Cu and reducing the
bonding energy barrier between Cu and H. This is reflected in
the figure as a leftward shift of the peak. The same principle
applies to the high-temperature adsorption peak, leading to
a leftward shift. Also, the 4% RuP/Cu-500 showed a lower H,
adsorption capacity than 4% RuP/Cu. This may be one of the
reasons why the 4% RuP/Cu catalyst exhibits better hydroge-
nation activity (see below).

=]
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To better demonstrate the LSPR effect of Cu, the basic
characterization of the photochemical properties of the cata-
lysts was carried out, as described below (Fig. S3t). As expected,
the photocurrent response curves obtained under Xe lamp
irradiation (Fig. S3at) confirmed the significantly lower photo-
current density exhibited by RuP compared to the other two Cu-
based catalysts. Compared with the Cu catalyst, 4% RuP/Cu has
a relatively low photoresponse current. It is speculated that this
is due to the lack of photoactive RuP loading on Cu species. The
UV-vis diffuse reflectance spectra (Fig. S3bf) demonstrated that
two Cu-based catalysts had an ultrahigh absorbance in the wide
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Fig.3 (a) N, adsorption—desorption isotherms of different catalysts; (b)
catalyst precursor at 500 °C in a 10% Hy/Ar atmosphere.)
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wavelength range. However, RuP exhibits a different absorption
spectrum from conventional photocatalysts. It may be due to its
black color rather than the photoactivity. The EIS spectra
(Fig. S3ct) demonstrated that the Cu catalyst has the smallest
arc radius, indicating the highest electron transfer rate
compared to the other two catalysts. The RuP catalyst showed
a larger arc radius, suggesting the weak conductivity of amor-
phous RuP. This also results in a larger arc radius for 4% RuP/
Cu catalysts compared to Cu catalysts.

3.2 Catalytic performance evaluation

Initially, the potential products of 4% RuP/Cu in photocatalytic
CO, hydrogenation were investigated in a self-made fixed-bed
reactor, revealing that the products consisted solely of CO and
CH,. The carbon source in the products was tracked by con-
ducting activity tests on x% RuP/Cu under various conditions
(Table S21). The results indicated that CO, hydrogenation
products triggered by the catalyst or other potential carbon
sources were ruled out.

Then, the performance of x% RuP/Cu and reference samples
in the photocatalytic CO, hydrogenation reaction was assessed
(Fig. 4a). The actual loading of x% RuP/Cu catalyst was calcu-
lated using ICP-OES (Table S3t). The results show that with the
increase in the loading capacity, there is little difference
between the actual loading capacity and the theoretical loading
capacity of the catalyst. No product formation was detected
under the conditions with Cu nanoparticles alone, indicating
that Cu was not the active center for the CO, hydrogenation

View Article Online
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reaction (Fig. 4a). The introduction of RuP led to the production
of highly selective CO products by all x% RuP/Cu catalysts,
demonstrating that RuP species are the primary active centers
and play a catalytic role in the process. The low CO yield from
pure RuP suggests that Cu nanoparticles play a significant role
in the photocatalytic CO, reaction under photothermal condi-
tions. As the RuP content in the catalyst increased, the CO yield
exhibited a volcano trend, with the 4% RuP/Cu catalyst reaching
a peak under the current conditions. Therefore, subsequent
researches were based on 4% RuP/Cu as an object.

To investigate the impact of external thermal conditions on
the photocatalytic RWGS reaction, Fig. 4b illustrates the
performance of 4% RuP/Cu under dark conditions. Under
darkness, the activity of 4% RuP/Cu increased from 1.76 mmol
g ' h™" to 19.87 mmol g * h™" as the temperature was raised
from 250 °C to 350 °C. This indicates that sufficient tempera-
ture was required to activate CO, and facilitate the reaction in
the RWGS process. Upon the introduction of light, the yield of
CO was further enhanced. At a reaction temperature of 300 °C,
the CO yield increased to 123.16 mmol g ' h™ "' with the addi-
tion of light, significantly higher than the yield under dark
conditions (17.89 mmol g~* h™"). These results demonstrate
that photo-induced hot electrons can markedly enhance their
activity under light irradiation. These hot electrons were
produced by the LSPR of copper nanoparticles.*® Those
captured from the photothermal energy of Cu nanoparticles can
be more effectively transferred to the active center species RuP.
The findings indicate that 4% RuP/Cu possesses excellent
photocatalytic capabilities under photothermal conditions.
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When adjusting the catalyst loading, Fig. 4c indicates that
there was no significant difference in the activity between 5 mg
and 10 mg of the catalyst, but increasing the catalyst amount to
35 mg resulted in a strong suppression of CO activity. This
suggests that an excess of catalyst may inhibit the reaction rate
or lead to the incomplete consumption of the reactants. Fig. 4d
explores the effect of the feed gas flow rate on the catalytic
activity; as the feed gas flow rate increased from 5 mL min~' to
50 mL min~', the CO yield continuously improved, and the CO
selectivity correspondingly increased as well. Fig. 4e displays
the reaction activity of the 4% RuP/Cu catalyst under different
CO,/H, ratios. Under the same flow conditions, as the propor-
tion of CO, increased, the CO yield significantly increased (from
51.21 to 123.16 mmol g~ h™'), and the CO selectivity also
continuously improved. This indicates that a higher flow rate or
a larger proportion of CO, per unit time will reduce its residence
on the catalyst, leading to faster desorption of intermediate CO
and ultimately enhancing the selectivity of the reaction.
Furthermore, there conditions can also increase the production
rate of CO.

Traditional copper-based materials often face challenges in
widespread application due to the instability of copper; hence,
we have examined the stability of the catalyst. As shown in
Fig. 4f, during the continuous photocatalytic reaction over 24
hours, the catalyst's initial activity at 121.96 mmol g * h™*
gradually declined with the progression of the reaction, expe-
riencing a decrease of approximately 24.39% and eventually
stabilizing at about 92.46 mmol g~' h™'. We attribute the
decline in activity to the photothermal effect of the plasmonic
metal leading to material sintering as well as the weak inter-
action between the copper support and the RuP species.
Accordingly, we conducted TEM characterization and XPS
analysis on the catalyst after 24 hours of reaction, as shown in
Fig. S4.7 Fig. S4a-ct display the TEM morphology of the catalyst
following the stability test, revealing the formation of large RuP
particles on the catalyst surface. This aggregation and sintering
of the supported RuP is attributed to the photothermal energy
generated by the plasmonic effect of Cu. Fig. S4d and ef indi-
cate no change in the bonding mode of P with Ru after the
reaction, while the integration of peak areas shows a decrease in
P-Ru bonding and an increase in Ru-Ru bonding, further
confirming the aggregation of Ru. Plasmonic metals possess the
capability to induce strong electromagnetic fields, high-energy
charge carriers, and photothermal effects. In the case of Cu,
negative values above 400 nm and smaller values above 600 nm
result in a strong LSPR response across the entire visible light
region and even into the NIR region.** This additional energy is
ultimately converted into thermal effects, leading to the aggre-
gation and sintering of RuP, thus reducing the number of active
sites. In summary, this is identified as the primary cause of the
decrease in catalyst activity.

4. Conclusions

In summary, we have proposed a straightforward approach to
explore efficient photocatalysts for CO, hydrogenation through
co-reduction. By leveraging the plasmonic effect of Cu

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles, we demonstrated enhanced CO production rates
and high CO selectivity under photocatalytic conditions. Under
the optimized conditions, the 4% RuP/Cu catalyst achieved
a CO yield of 123.16 mmol g " h™" with a selectivity of 98.68%.
The key to the improved performance lies in the LSPR effect of
the plasmonic metal Cu, which effectively harnesses light
energy, resulting in an approximately eightfold increase in the
activity compared to purely thermal reactions. Additionally, the
incorporation of phosphorus leads to the formation of an
amorphous phase and modulates the electronic state of Ru,
providing abundant active sites for CO, adsorption. This work
underscores the significance of metal phosphides in maxi-
mizing the conversion and selectivity of CO, hydrogenation
products.
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