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In this paper, M-AI-.PMOF (M = Na, K)
composites were synthesized for the first time by incorporating
alkali metals into AI-PMOFs. Comprehensive experiments were
conducted to investigate the CO, adsorption and photocatalytic
reduction capabilities of the synthesized composites with different
doping amounts and types of alkali metals. The results show that
doping alkali metals into AI-PMOFs efficiently enhanced their CO,
adsorption by increasing the surface area and alkaline sites.
Moreover, the modified materials exhibit improved light
absorption, reduced band gap, and suppressed recombination of
photogenerated electron—hole pairs, leading to a significantly
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enhanced photocatalytic CO,-to-CO conversion efficiency. Notably, the 1-K-AI-PMOF sample showed a 45% increase in CO,
adsorption capacity compared to that of pristine AI-PMOF, along with a 6.6 times enhancement in the CO production yield. This
work reveals that different amounts and types of doped alkali metals can improve their CO, absorption and photocatalytic reduction
properties, offering a perspective for designing and modifying MOFs.

metal—organic framework, AILPMOF, alkali metals, CO, adsorption, photocatalytic CO, reduction

With the rapid increase in fossil fuel consumption, greenhouse
gases have led to climate change and threaten human
survival."? Among these greenhouse gases, carbon dioxide
(CO,) accounts for approximately 26% of the total, and its
concentration continues to rise sharply. Consequently,
controlling CO, emissions has become a global challenge. In
addition, CO,, as a carbon resource, can be reduced to high-
value C1 chemicals through photocatalysis.”* However,
traditional CO, capture and utilization technologies are
complex and energy-intensive, involving multiple intermediate
steps, such as CO, capture, adsorbent regeneration, CO,
compression, and transportation.” Therefore, from the
perspectives of green chemistry and sustainable development,
developing photocatalysts that can efliciently capture and
convert CO, into value-added products is a promising way to
address future CO, emissions.

Metal—organic frameworks (MOFs) have demonstrated
excellent applications in catalysis and gas storage due to their
advantages, such as unsaturated metal coordination, ease of
surface modification, and high capacity for CO, adsorption.’
Therefore, they are highly promising materials for the
adsorption and catalytic reduction of the adsorption of CO,.
Among the methods used to further modify and enhance
MOFs, metal metathesis stands as an effective strategy to
achieve improved properties.”® In particular, recent research
studies suggest that incorporating alkali metals into MOFs can
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enhance their gas storage capacity and change local charge
density inside MOFs.””"" For instance, Akbari Beni and
Niknam Shahrak'* discovered that lithium-functionalized ZIF-
8 and ZIF-90 could significantly enhance CO, uptake by up to
7 and 9 times, respectively, through density functional theory
(DFT) and Grand Canonical Monte Carlo (GCMC)
simulations. Cui et al."’ synthesized M-Mg/DOBDC (M =
Li, Na, K) composites by doping alkali metals into Mg/
DOBDC MOF and found that 0.5K-Mg/DOBDC exhibits a
CO, adsorption capacity of 14.93 mmol g~', which was 3.44
times higher than that of Mg/DOBDC. However, most of the
research studies are only focused on theoretical frameworks
and computer modeling, and the understanding of how alkali
metal doping in MOFs influences photocatalytic CO,
reduction remains largely unexplored.

Therefore, in this work, we comprehensively investigated the
impact of doping alkali metal ions (Na*, K*) into MOFs on
their CO, adsorption and photocatalytic reduction capabilities.
Among the diverse available MOFs, aluminum-based porphyr-
inic metal—organic framework (AI-PMOF) was selected for its
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potential in CO, capture and photocatalytic reduction.'*~"°

Because of its simple preparation and easy doping, AI-PMOF is
ideal for studying the effect of alkali metal ion doping. To our
knowledge, we are the first to modify AI-PMOEF by doping it
with different alkali metals (Na, K) to enhance its performance
both as a CO, absorbent and a reductive photocatalyst.
Experimental results reveal that 1-K-Al-PMOF increased the
CO, adsorption capacity by 45% compared to that of Al-
PMOF. Furthermore, the doped MOFs exhibit enhanced
photocatalytic CO,-to-CO conversion efficiencies, achieving
CO production increased by over 6 times with 1-K-Al-PMOF.
This work offers a molecular-level perspective for designing
and modifying MOFs by improving their CO, absorption and
photocatalytic reduction properties through alkali metal
doping.

Aluminum nitrate nonahydrate (Al(NO;);-9H,0, >98%), 5,10,15,20-
tetrakis(4-carboxyphenyl) porphyrin (C,sH;(N,O5, H,TCPP, 95%),
sodium chloride (NaCl, >99.9%), potassium chloride (KCI, >99.9%),
and N,N-dimethylformamide (C;H,NO, DMF, >99.5%) were
purchased from Shanghai Titan Technology Co., Ltd. All chemicals
and reagents were used as received without further purification.

2.2.1. Synthesis of Aluminum-Based Porphyrinic Metal—
Organic Framework (Al-PMOF). AI-PMOF was synthesized via a
typical hydrothermal method.'” 100 mg of AI(NO,);-9H,0 (0.25
mmol) was added to 10 mL of deionized water and stirred. 100 mg of
H,TCPP (0.126 mmol) was added to 10 mL of deionized water and
stirred. The above solution was then mixed to get the Al precursor
solution and transferred to a 100 mL Teflon-lined stainless-steel
autoclave with 10 min of stirring and S min of ultrasonication. The
autoclave was then heated at 180 °C for 24 h. After being cooled to
room temperature, the reactant was washed several times with
deionized water, DMF, and acetone and then dried in a vacuum oven
at 60 °C overnight. The obtained powder was collected and denoted
as AI-PMOF.

2.2.2, Synthesis of Alkali Metal (Na, K)-Doped Aluminum-
Based Porphyrinic Metal-Organic Framework (M-Al-PMOF (M
= Na, K)). The synthesis of M-AI-PMOF (M = Na, K) followed a
procedure similar to that of AI-PMOF, with the exception of
incorporating different amounts of NaCl or KCl into the Al precursor
solution. Specifically, 0.25 or 0.5 mmol of NaCl or KCI was added and
dissolved in the Al precursor solution. After the hydrothermal reaction
and postprocessing as described, the product was denoted as M-Al-
PMOF (M = Na, K). In particular, AI.LPMOF with 0.25 mmol of NaCl
was denoted as 1-Na-Al-PMOF, and Al-PMOF with 0.5 mmol of
NaCl was denoted as 2-Na-Al-PMOF. Similarly, AI- PMOF with 0.25
mmol of KCI was denoted as 1-K-Al-PMOF, and Al-PMOF with 0.5
mmol of KCI was denoted as 2-K-Al-PMOF.

Scanning electron microscopy (SEM) analysis was carried out using a
field emission scanning electron microscope (FEI Magellan 400)
operated at an accelerating voltage of 15 kV. Powder X-ray diffraction
(XRD) patterns were collected using a Bruker D8 ADVANCE
instrument with Cu Ka radiation (4 = 0.15418 nm) at room
temperature. The scanning range was set to 10—60°, and the scanning
speed was set to 2° min~'. Fourier transform infrared (FTIR)
spectroscopy was conducted by using a Thermo Fisher Scientific
Nicolet iN10 spectrometer. All samples were prepared using the
potassium bromide (KBr) tableting method (the mass ratio of the
sample to KBr was 1:100), and the scanning range was set to 500—
4000 cm™'. Thermogravimetric analysis (TGA) was conducted by a
thermogravimetric analyzer (Netzsch STA 449 F3, Germany).
Inductively coupled plasma optical emission spectroscopy (ICP-

OES) was collected by an Optima 8000, PerkinElmer instrument. The
Brunauer—Emmett—Teller (BET) specific surface area analysis and
CO, adsorption isotherms of the materials were tested using a specific
surface area and pore size analyzer (JW-BK100, JWGB Instruments).
The in situ FTIR spectra of the samples were obtained using a
Thermo Fisher iN10 iZ10 Infrared Spectrophotometer. UV—vis
diffuse reflectance spectroscopy (UV—vis DRS) measurements were
performed on a LAMBDA 1050+ spectrophotometer (PerkinElmer).
The wavelength range was set to 200—800 nm, with BaSO, as a
reference. The photoluminescence (PL) spectra were measured by
using a fluorescent spectrophotometer (LSSS spectrometer, Perki-
nElmer Instruments). Carbon dioxide temperature-programmed
desorption (CO,-TPD) analysis was performed by a chemical
temperature-programmed adsorption analyzer (ChemiSorb PCA-
1200, Bibuilder, China).

Electrochemical impedance spectroscopy (EIS) tests and Mott—
Schottky tests were recorded in a CHI6SOB electrochemical
workstation (Shanghai, China) with a standard three-electrode
system. A fluorine-doped tin-oxide conductive glass (FTO, 25 X 15
mm?) coated with catalyst ink was used as the working electrode. Ag/
AgCl and platinum plate were used as the reference electrode and
counter electrode, respectively, and a 0.3 M Na,SO, (99.7%, Titan)
aqueous solution served as the electrolyte (E vs RHE = E vs Ag/AgCl
+0.0591 pH + 0.197, pH = 7). Alternating current voltage was set to
1.50 V, and the test frequency range was set to 1—10° Hz. Transient
photocurrent response (TPR) measurements were conducted using
the same three-electrode system as EIS tests, with additional 250 W
xenon lamp irradiation (7ILX150A, SOFN INSTRUMENTS CO.,
Ltd.).

Photocatalytic CO, reduction experiments were conducted using an
Agilent 7890B gas chromatograph (GC) under S00 W xenon lamp
(CEL-WLAXS500, 300—2500 nm, CHINA EDUCATION AU-
LIGHT Co., Ltd., Beijing) irradiation, and schematic diagrams of
the reaction device are shown in Figure S1. Typically, 10 mg of the
prepared photocatalyst was uniformly dispersed in a 400 mL Pyrex
reactor containing 10 mL of a mixed solution of deionized water,
acetonitrile (C,H;N, ACN, >99.6%, Titan), and triethanolamine
(C¢H,sNO;, TEOA, >99%, Titan) in a volume ratio of 8:2:1 (catalyst
concentration of 1 g L™"). Before irradiation, CO, was continuously
bubbled into the reactor under dark conditions to completely remove
dissolved gases and ensure CO, saturation. During irradiation, the
reaction temperature was maintained at 20 °C by using a circulating
water system. The control experiments were performed without the
catalyst, in darkness, and with CO, replaced by Ar gas.

The selectivity of photocatalytic CO, conversion to CO was
calculated according to the following eq 1:'*

CO selectivity (%)
Number of produced CO molecules

" Number of produced CO molecules and CH, molecules

x 100% (1)

Spin-polarized DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP)." An electron exchange—
correlation effect was handled by the Perdew—Burke—Ernzerhof
(PBE) functional of the generalized gradient approximation (GGA).
The DFT-D3 methodology with Becke-Johnson damping function
was used to describe the dispersion interactions.”””' All structural
models were optimized with a plane-wave expansion energy cutoff of
550 eV. The periodic cluster model structure of M-AI-PMOF was
placed inside a box of 40 X 40 X 30 A, and the K-points were set to 1
X 1 X 1. The energy convergence criterion was set to be 1075 eV. All
structures were fully relaxed until the residual forces on each atom
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Scheme 1. Schematic Diagram of the Synthetic Process of M-Al-PMOF (M = Na, K)
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Figure 1. (a) XRD patterns of AI-LPMOF and M-AI-PMOF (M = Na, K). SEM images of (b) 1-Na-Al-PMOF and (c) 1-K-A-PMOF. (d) FTIR
spectra of AI.PMOF and M-AI-PMOFs in the range of 3500—600 cm™". (e) N, adsorption and desorption isotherms of AI-.PMOF and M-Al-
PMOFs (solid point, adsorption; hollow point, desorption). (f) Thermogravimetric curve of AI-PMOF and M-Al-PMOFs.
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Figure 2. (a) CO,-TPD curves of AI-PMOF and M-AI-PMOF (M = Na, K). (b) Static CO, adsorption curve of the samples at 273.15 K. (c)
Isosteric heat of adsorption as a function of CO, uptake derived by the virial equation. (d) Five consecutive cycles of CO, adsorption with 1-K-Al-

PMOF.

were less than 0.02 eV A™'. The VESTA software package was
employed to visualize the electronic structure of the photocatalysts.”

The calculations of Gibbs free energy changes (AG) of absorption
energy were performed according to the following eq 2:

AG = AE + AZPE — TAS )

where E, ZPE, and S represent the total energy of the optimized
system, zero-point energy, and entropy of species, respectively, and T
denotes the temperature in Kelvin (set to be 298.15 K).

We report an in situ doping hydrothermal strategy to
synthesize M-Al-PMOF (M = Na, K), as illustrated in Scheme
1. The original AI-PMOF was synthesized by a hydrothermal
method using the ligand H,TCPP and Al salt as precursors.
The digital photographs of all composite powder samples are
provided in Figure S2. The powders appeared as dark green as
observed by the naked eye; however, it is difficult to display in
digital images. According to the different amounts of doped
alkali metals, we prepared AI-PMOF, 1-Na-Al-PMOF, 2-Na-Al-
PMOF, 1-K-Al-PMOF, and 2-K-Al-PMOF samples, respec-
tively. In particular, AI-PMOF with 0.25 mmol of NaCl was
denoted as 1-Na-Al-PMOF, and AI-PMOF with 0.5 mmol of
NaCl was denoted as 2-Na-Al-PMOF. Similarly, Al-PMOF
with 0.25 mmol of KCl was denoted as 1-K-AI-PMOF, and Al-
PMOF with 0.5 mmol of KCl was denoted as 2-K-Al-PMOF.

As shown in Figure la, the XRD analysis demonstrates the
excellent crystallinity and purity of all samples, further
confirming the successful synthesis and preparation of Al-
PMOF and M-AI-PMOFs. It shows that after doping of alkali
metals, the framework remained the same as pristine Al-
PMOF. However, close inspection (Figure S3) shows that,
compared with 1-Na-Al-PMOF, the diffraction peak of 2-Na-
Al-PMOF shifted to a smaller angle, which indicates that an
increased amount of doping cations led to an expansion of the
lattice constant.”® Similarly, when K* cations were doped
instead of Na', the diffraction peak showed a shift to a smaller
angle, indicating that doping with larger cations resulted in an
increase in the lattice constant of MOFs. FTIR spectroscopy
(Figure 1b) was conducted to characterize the molecular
structure of the samples. The unique C=N stretching
vibration of the porphyrin appeared at 1620 cm™.** The
stretching —NH absorption peaks at 968 cm™ in all samples
indicate that no metal ion has coordinated with the —NH
inside the porphyrin ring.”> The SEM images (Figures 1c,d and
S4) displayed the morphology of all samples. Both Na-doped
and K-doped AI-PMOF were rod-like crystals similar to Al-
PMOF. However, after doping with different cations, the
crystal diameter of the K-doped samples was larger than that of
the Na-doped material, which was consistent with our XRD
results. The concentration of the Al atom and doped Na and K

https://doi.org/10.1021/acsaenm.5c00076
ACS Appl. Eng. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaenm.5c00076/suppl_file/em5c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.5c00076/suppl_file/em5c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.5c00076/suppl_file/em5c00076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.5c00076?fig=fig2&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.5c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Q

1-K-Al-PMOF
210 min
/\. § E
S 180 mir )
© = ;
N : v
0]
Q
C
©
0
—
o]
2]
T \
< H M
30 min
0 min ' Ry
2337 1650 19201480
Ll L T Ll T
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

QAleN oC 00 H®K

Figure 3. (a) In situ FTIR spectra of 1-K-Al-PMOF with continuous CO, gas filling. (b) CO, adsorption energy on AI-PMOF and 1-K-Al-PMOF

calculated by VASP.

atoms was conducted by ICP-OES (Table S1), confirming the
successful incorporation of different amounts of alkali metals.

The BET surface area (Figure le and Table S2) of Al-
PMOF and M-AI-PMOF was conducted under N, adsorption
at 77K. At lower pressure, the adsorption of N, increases
sharply, indicating that the structures of these samples contain
a large number of micropores.”® The specific surface area of Al-
PMOF is 398.5 m* g”!, which is consistent with the previous
literature.'® The results indicated that upon incorporation of
alkali metals, K-Al-PMOFs had a larger surface specific area
than Na-Al-PMOFs. Increased doping amounts resulted in
larger surface specific areas, which aligned with similar research
from Zhang et al.”” Notably, 2-K-Al-PMOF exhibits the largest
specific surface area, reaching 704.4 m® g~', which surpasses
the original AI-PMOF by 1.77 times. Moreover, the micro-
porous volumes (M,) of M-AI-PMOF are also larger than
those of AI-PMOF, indicating more pores and channels for gas
absorption. The thermal stability curve of the sample (Figure
1f) was conducted by TGA. The TGA curves exhibit two
remarkable weight loss regions due to the removal of solvents
below 228 °C and the collapse of structures above 324 °C.
Within the temperature range of 228—324 °C, the samples
retained stability and structural integrity. Also, the order of
thermal stability of the samples is 2-K-Al-PMOF > 1-K-Al-
PMOF > 2-Na-Al-PMOF > 1-Na-Al-PMOF > Al-PMOF,
indicating that doping of alkali metals enhanced the thermal
stability of the samples.

CO,-TPD (Figure 2a) tests were first conducted to evaluate
the CO, adsorption capacity of the samples. All samples
exhibited weak physical adsorption around 110 °C and
chemical desorption signals in the temperature range of
250—400 °C.*® After doping modification, the amount of
alkaline sites of the sample increased, which was more
conducive to the adsorption of CO, (as a Lewis acid gas).
Furthermore, K-Al-PMOFs showed the highest peak intensity
at 110 °C in CO,-TPD, indicating more alkaline sites than Na-
doped samples and the original AILPMOF. Masala et al.”” and
Cui et al.” also proved that K* had a strong interaction with
CO,, and the configuration of K*-O=C=0 facilitated the
activation of CO,.

The CO, capture performance was then evaluated by static
adsorption tests. The CO, adsorption isotherms at 273.15 K
(Figure 2b) showed that the static CO, adsorption capacity of
AI-PMOF was 2.38 mmol g~', aligning with the previous
research.”® The CO, adsorption capacities of 2-K-AI-PMOF, 1-
K-Al-PMOF, 2-Na-Al-PMOF, and 1-Na-Al-PMOF were 3.29,
346, 2.44, and 2.40 mmol g_l, respectively, representing
increases of 38.23, 45.38, 2.52, and 0.84% compared to that of
Al-PMOF (Table S3). The increase in the CO, absorption
capacity verified that the doping of alkali metals enhanced the
adsorption capacity of the materials, and K doping exhibited
better CO, adsorption performance as expected. With the CO,
adsorption isotherms at 298.15 K (Figure SS), the isosteric
heat of adsorption (Q,) was calculated through a virial
equation.”’ 1-K-Al-PMOF exhibited the highest Q values of
CO, (31.9 kJ mol™") at zero loading, followed by 2-K-Al-
PMOF (29.2 k] mol™), 2-Na-AI-PMOF (26.3 kJ mol™!), 1-
Na-Al-PMOF (23.9 kJ mol™), and AI-PMOF (24.4 kJ mol™)
(Figure 2c). A higher Q, value signifies a stronger interaction
between gas molecules and adsorbents, reflecting the increased
affinity of the adsorption sites.”” The Q,, value aligned with the
CO, adsorption capacities of the samples further confirms that
the incorporation of alkali metals enhanced the CO,
absorption performance. Compared with other modified Al-
MOFs (Table S4), alkali-metal-doped Al-MOFs show superior
CO, adsorption performance. Furthermore, when compared
with existing MOFs reported in the literature, our K-doped Al-
PMOFs also exhibit good CO, capture capabilities. Moreover,
Figure 2d shows the results of five cycles of CO, adsorption
isotherm tests for 1-K-Al-PMOF. Before each test, the material
was pretreated in a vacuum at 120 °C and then subjected to
the CO, adsorption test at 273.15 K. After five cycles of tests,
no hysteresis or performance degradation was observed,
demonstrating its stability, recyclability, and application
value. However, the adsorption properties of the materials in
multicomponent gases need to be explored further. In practical
application, the gas mixture may contain various components
like N, and H,O, and the CO, adsorption capacity of the
materials in such mixed gases needs to be assessed.

To better understand the CO, adsorption mechanism at the
molecular level, time-resolved in situ FTIR spectroscopy was
conducted to further determine the adsorbed species formed
upon CO, uptake. The in situ FTIR spectra of M-Al-PMOF in
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Figure 4. (a) Time-dependent CO production upon xenon lamp irradiation and (b) production rates and selectivity for AI.PMOF and M-Al-
PMOF (M = Na, K). (c) UV—vis diffuse reflectance spectra and (d) schematic diagram of the band structure for AI.PMOF and M-Al-PMOF. (e)

PL and (f) EIS spectra of ALPMOF and M-Al-PMOF.

CO, under ambient pressure at room temperature were
recorded as a function of time (Figures 3a and S6). The newly
formed absorption peaks observed after the introduction of
CO, indicate the adsorbed species on the adsorbent. The
vibration at 2337 cm™' corresponds to physically adsorbed
CO, via van der Waals interactions, which is different from the
free gas-phase CO,.” The peaks at 1650, 1520, and 1480 cm™
are assigned to the surface-adsorbed carbonate species,
including monodentate carbonate (m-CO;>") and bidentate
carbonate (b-CO;*”), where m-CO;>~ binds through one
oxygen atom to the metal site, while b-CO;>" bridges two
adjacent metal sites.”*"*® The FTIR results strongly indicate
that the physically adsorbed CO, and the formation of
carbonate species may contribute to the massive metal sites,
porphyrin skeleton, and amine groups in the framework. Also,

we calculated the adsorption energy of a single CO, molecule
adsorbed in the MOF structure through VASP.”” As shown in
Figure 3b, the incorporation of a single alkali metal ion
increased the adsorption energy by 0.473 eV. The calculated
and experimental results both showed that doping alkali metals
could effectively enhance the CO, adsorption capacity of the
materials.

The photocatalytic CO, reduction reaction (CORR) perform-
ance of M-AI-PMOF (M = Na, K) was examined in a CO,-
saturated solution under xenon lamp irradiation. As shown in
Figures 4a, b and S7, no gases are produced in a dark
environment. Under continuous xenon lamp illumination, CO

and CH, are produced by photocatalytic CORR, and the
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production amounts of both CO and CH, increase linearly
over time. AI-PMOF has an average CO yield of 88.3 ymol g™
h™'_,. and an average CH, yield of 9.68 umol g~' h™'_,; over 6
h; hence, the selectivity of CO is calculated to be 90.1%. With
the same test conditions, all alkali-metal-doped AI-PMOFs
exhibit superior CO yields. Notably, 1-K-AI-PMOF achieved
the highest CO yield of 587.2 umol g~ h™'_,, which is 6.6
times of the CO yield obtained by using AI-PMOEF. Moreover,
the CO yields of 2-K-Al-PMOF, 1-Na-Al-PMOF, and 2-Na-Al-
PMOF are $58.9, 394.4, and 362.3 umol g™' h7'
respectively, and their selectivity of CO is higher than 90%.
The experimental results reveal that K-doped AI-PMOFs
exhibit superior photocatalytic CORR performance compared
with Na-doped AI-PMOFs. This improvement is likely
attributed to a synergistic effect, whereby K" ions not only
enhance CO, adsorption capacity but also actively promote the
reduction kinetics. The observed trend aligns with the
electrocatalytic CORR mechanism reported by Gu et al,*®
where K" ions interact with the electric field and the dipole
moment of the adsorptive intermediate. Our study extends this
understanding to photocatalytic processes, demonstrating that
among various alkali metals, K-doped Al-PMOFs exhibit the
best catalytic performance. Control experiments were con-
ducted to confirm that CO and CH, were produced from CO,
as the carbon source (Table SS). In addition, the CO,
adsorption capacity, light source, and catalytic reduction to
CO production were compared with other references (Table
S6). Compared with the photocatalysts previously reported in
the literature, this work achieves the efficient photocatalytic
conversion of CO, to CO. Furthermore, although the catalyst
exhibits stable performance over the 6 h test period, industrial
applications demand prolonged operation under cyclic
conditions. Accelerated aging tests (e.g, S00 h continuous
illumination) will be conducted to assess durability in the
future.

To gain insight into the role of alkali metals in enhancing
photocatalytic activity, we investigated the photoelectric
performance of our photocatalysts. UV—vis diffuse reflectance
spectroscopy (Figure 4c) shows that all AILlPMOFs exhibit an
absorption edge reaching 760 nm, enabling efficient utilization
of visible-near-infrared light. This broad light-harvesting range
is critical for maximizing solar energy utilization in photo-
catalytic CO, reduction. Meanwhile, the absorption is slightly
enhanced after doping with alkali metals. The band gaps (E,)
of all samples are calculated based on the Tauc plots from the
transformed Kubelka—Munk function (Figure S8), and the flat
band potentials of all samples are obtained by Mott—Schottky
plots (Figure S9). Then, the band structures of all samples
were outlined in Figure 4d. Notably, the conduction band
minima (CBM) of all samples exhibit sufficient negativity in
comparison to the reduction potentials of CO/CO, (—0.48 V
vs RHE) and CH,/CO, (—0.24 V vs RHE), indicating the
thermodynamic feasibility of photocatalytic CORR. The
steady-state PL spectroscopy results (Figure 4e) of all samples
show that alkali-metal-doped samples exhibit significantly
lower PL intensity compared to pristine AI-PMOF, indicating
effective suppression of the photogenerated charge carrier
recombination with alkali metal incorporation. This quenching
of recombination directly enhances the photocatalytic perform-
ance by preserving more charge carriers for catalytic reactions.
As shown in Figure 4f, the Nyquist plots of 1-K-Al-PMOF and
1-Na-Al-PMOF display similar radii, suggesting comparable
and relatively lower interfacial charge transfer resistance (R.,).

Additionally, the observed Warburg impedance (Z,,) in these
samples corresponds to the CO, mass transport resistance
during the catalytic process. However, 1-K-Al-PMOF and 1-
Na-PMOF exhibit better catalytic performance than 2-K-Al-
PMOF and 2-Na-Al-PMOF, respectively, indicating that the
doping concentration of alkali metals influences catalytic
efficiency by modulating interfacial charge transfer dynamics.
These findings align with the PL results that lower alkali metal
doping levels preserve a higher population of photogenerated
charge carriers available for CO, reduction, thereby optimizing
the photocatalytic activity. However, in TPR spectra (Figure
S10), the photocurrent density of alkali-metal-doped Al-
PMOFs was lower than that of AI-PMOF under light
irradiation, which means that the charge generation efficiency
was inhibited by alkali metal doping. The above photoelectric
test results show that the introduction of alkali metals
effectively reduces the band gap and suppresses the
recombination of charge carriers; however, it can inhibit
charge generation efficiency. Our mechanistic analysis suggests
that the enhanced photocatalytic CORR activity in alkali-
metal-doped AI-PMOFs is primarily attributed to a dual-
function mechanism combining optimized CO, chemisorption
capacity and alkali-cation-mediated catalytic promotion, rather
than significant alterations in the material’s intrinsic photo-
electronic characteristics. Also, the specific electron transfer
process and the formation of intermediates during the CO,
catalytic reduction process require further exploration through
in situ characterization and computational methods.

In this study, we successfully synthesized M-Al-PMOFs (M =
Na and K) by introducing alkali metals Na and K to modify the
Al-PMOF, and their CO, capture and photocatalytic properties
were investigated. These alkali-metal-doped MOFs exhibited
improved CO, adsorption capacity due to their increased
surface area and amount of alkaline sites, up to 40% higher
than AI-PMOF. Comprehensive experiments showed that the
photocatalytic CORR performance of alkali-metal-doped
MOFs was improved, especially the yield of CO by 1-K-Al-
PMOF is 6.6 times higher than that of AI-PMOF. In addition,
we found that K-doped MOFs showed better absorption
capacity and photocatalytic CORR performance than Na-
doped MOFs. Our work provides an effective strategy for
doping alkali metals in MOFs to improve their CO, adsorption
performance while enhancing their photocatalytic CORR
performance.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.5c00076.

Diagram of the photocatalytic reactor (Figure S1);
digital photographs of all the composite powders (Figure
S2); XRD patterns of the samples (Figure S3); SEM
images of the samples (Figure S4); static CO,
adsorption curve of the samples at 298 K (Figure SS);
in situ FTIR spectra of AI-PMOF and 1-Na-Al-PMOF
with continuous CO, gas filling (Figure S6); time-
dependent CH, production of the samples (Figure S7);
estimated band gaps of the samples (Figure S8); Mott—
Schottky plot of the samples (Figure S9); transient
photocurrent response spectra of the samples (Figure
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S10); concentration of elements in ICP-OES experi-
ments (Table S1); structural parameters of samples
(Table S2); CO, adsorption properties of samples
(Table S3); comparison of CO, adsorption properties
with other MOFs (Table S4); photocatalytic CO,
reduction control experiment (Table SS); and compar-
ison of the photocatalytic CO, reduction activities of
recently reported catalysts (Table S6) (PDF)
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