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ABSTRACT:As an inert support, silica is appropriate to disperse active copper species to . et
study the intrinsic structuractivity relationship for redox reactions including CO at
oxidation. Herein, a coppsilica catalyst (3 wt % Cu) was synthesized via a deposition gl
precipitation method, followed by a hydrogen and/or hydrothermal treatment. T H, ﬁ% &

sequential CO oxidation tests over the as-calcined samples show that the hyd@@al@@ Cul5*
treatment eectively promoted the catalyst stability of Cy/$#@drogen treatment can 100
signi cantly increase CO conversion compared to oxygen treatment whose conversionggtes it~
are less than 10%. Multiple structural characterizations, including temperature-prograrpged /
reduction by hydrogen, temperature-programmed reduction by CO, X-ray abserption: ,, /
structure, and in situ dise reectance infrared Fourier transform spectroscopy, were used, /

to precisely determine the active species of small-sized copper catalysts. These analyses-« ...
identify that the textural structure of silica and the coordination environment of the coppep 5o 100 150 200 250 300
oxide species changed after the hydrothermal treatment, which make the catalysts more "™
stable. The hydrogen pretreatment not only reduced copper oxide but also generated the

copper hydroxyl species to make the adsorption of the CO reactant much easier. This work demonstrates the importance
hydrogen pretreatment in enhancing the catalytic activity of copper catalysts and the crucial role of copper hydroxyl groups in C
oxidation reactions for Cu-based catalysts.

1. INTRODUCTION evaluate the relationship between the catalytic activity and the

CO oxidation, as a prototypical reaction, has long been appli2finsically active sites of Cu nanoparticles exacipsio
to fundamental research and industrial applications. Until no ert support devoid of the possibility of participating into the

noble metal catalysts including Pt, Pd, Ru, Rh, Au, and Ir ha 9 oxidation rea_c'?on has been used by researchers to deposit
been systematically studied for CO catalytic oxidation becatf%? per narl}oEartlc S'h h diti q hods f

of their well-known superior catalytic performances. IS we tncl)wrt1 that t gt_coln tltlonst 6Imt' mett_ Qts %r]
However, high cost limited the availability of noble metaﬁreparmg catalysts are critical o catalytic activily. e

catalysts, which is a driving force fating alternatives to ydrothermal method, a simple and mature synthesis

noble metals. Transition metal catalysts as a kind of non—nolﬁeg?;'qgii’ dr;assgeegﬂvs\gdglgl dusn?SI tﬁ?/apire(erlrzarseolﬁngéflj{?c!i such as
metal catalysts such as Co, Cu, Mn, Ni, and so forth ar bp

) . U . e Support<? Hydrothermal treatment of the catalysts has been
increasingly being investigated for CO oxidatidmong shown to improve the catalytic performance by changing the

them, Cu-based catalysts, belonging to the same elgme'%.l sicochemical properties of the matétialsntroducing
group as Au, have been investigated on the CO oxidati Vdroxyl group€2® and so forth. Mironenko found that the

rei(t:tl?glsent there are manv studies on theie of copper fraction of surface bridging OH groups and the concentration
val np §7 iz’eg rstal ol ny %9 shapd®® adiun Ft)lg of Lewis acid sites were increased -&,0O5; by the
alency, sSiIZ€, crystal piane ect,™ shap€, - adjunct, hydrothermal treatment and the subsequently prepared Pt/

pretreatment c;ond|t|ons, .and reaction condifiors .C.O AlLO; catalyst promoted thehexane transformations and
oxidation activity. Dynamic studies and the structchieity

relationship of copper in the CO oxidation reaction have beern— —_—
getting more and more attention. On the one hand, it can bgéceived: August 3, 2020 = HSG
found that reducible supports such as,Ge@ ZnQ are  Revised: October 18, 2020
widely favored by researchers because they have varidbiglished:November 6, 2020
oxidation states and strong interactions with copper, which

have a remarkable promotiorec for catalytic activity in

many research resuits:® On the other hand, in order to
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propane dehydrogenatidnJiang group synthesized the boiled for ca. 2 h subsequently. Finally, the abovementioned
multiwalled carbon nanotubes bearing hydroxyl groups @olution was cooled down to room temperature and diluted
the exterior surface by an alkaline-mediated hydrothermaith high-purity water for ICRAES test.
treatment method. In addition, hydrogen pretreatment was The di raction patterns of catalysts were tested by Bruker
mostly used for silica-supported copper catalysts for CAXS D2 PHASER using Cu Kadiation ( = 0.15406 nm)
oxidation reactiofig: “** Tu et al. said that it was not clear and calibrating the Zngles with a micrometer-scale alumina
why reduction treatment is required for obtaining the higlilisc. After grinding, the catalyst vedtened on a quartz glass
activity on the Cu particleslt is generally believed that sample holder before each testing. Theaafion patterns
hydrogen pretreatment reduced copper species to metalliere collected from 10 to°9@ith a step of 0.08
copper that was considered to be much more active than theThe transmission electron microscopy (TEM) and high-
copper oxides. Perhaps there are otheatseof hydrogen resolution TEM (HRTEM) images were obtained from a FEI
pretreatment of the catalytic system that have not beehecnai F20 microscope operating at 200 kV. After suspending
discovered. fully by manually shaking in ethanol liquid, one drop of catalyst
In this work, we used a simple deposifecipitation  suspension was dropped on an ultrathin catberoated
method to prepare a 3 wt % Cu/giGatalyst without Mo grid using a pipette. The as-prepared sample was dried
additives. We introduced the hydrothermal and hydrogematurally before placing on the TEM sample holder.
pretreatment steps to enhance the catalytic performance ommhe nitrogen adsorption/desorption characterization was
CO oxidation. Subsequently, theat of these pretreatment performed on an ASAP2020-HD88 analyzer (Micromeritics
conditions on the structure and catalytic activity of theCo., Ltd., Atlanta, GA, USA) at 77 K for testing the Brunauer
catalysts was explored, which elaborates the important roleEshimett Teller (BET) spect surface area and pore size

copper hydroxyls in CO oxidation. distribution of the samples. Before analyzing under,the N
atmosphere cooling with liquid nitrogen, the samples were
2. EXPERIMENTAL SECTION degassed at 25C€ under vacuum conditions over 4 h. The

2.1. Catalyst Preparation. All the chemicals are of calculation of pore sizBj distribution is determined by the
analytical grade and were used without furthecaiioh or ~ Barrett Joyner Halenda (BJH) method from the desorption
modi cation. Silicon dioxide was obtained from Evonikoranch of the isotherms. The BET spesiirface areaS:£y)
Specialty Chemicals (Shanghai) Co., Ltd. Copper nitrat¢€re obtained from the data of the relative pressure between
(Cu(NO,),-3H,0) and sodium carbonate (T, 99.8%)  0.05 and 0.20.
were purchased from Sinopharm Chemical Reagent Co., LtdN-O chemisorption measurements were carried out in a

The Cu-supported SjQratalysts were prepared by the Builder PCSA-1000 instrument with a thermal conductivity
deposition precipitation method. Copper nitrate blue crystalsdetector (TCD) to detect the amount of ébnsumption for
and sieved (100 mesh) silicon dioxide powders were addedaluating the dispersion of copper catalysts. The sieved
into 70 mL of deionized @ (18.2 M -cm) under vigorous catalysts (2040 mesh, 50 mg) were placed into a heat-
stirring on a Teon-lined stainless steel autoclave (innerresistant U-type tube and underwent three sequential steps.
volume: 100 mL). Then, M2O; aqueous solution (0.25 M)  Step 1 represents the reduction of CuO HYCHO + H,
was added into the suspension dropwise untilntdepH Cu + H,0. The catalysts were oxidized by a high-purity oxygen
value of 10. The alkalescent suspension was further stirredJas (99.999%) at 30C for 0.5 h and then cooled to room
room temperature for 2 h for aging. The aged suspension wiagperature with He (30 nmhin *). The catalyst was reduced
subsequently hydrothermally heated at@@6r 24 h. After by 5% H/He (30 mLmin *) from room temperature to an
the hydrothermal process wasshed and the vessel was elevated opportune temperature 9@@nin *). The amount
cooled down to room temperature, the precipitates weref H, consumption4,) corresponds to the total amount of
collected by suctiotiiration using a Brinell funnel and washed CuO. Step 2 represents the oxidation of surface CyQdZu
by deionized water until neutral. The product was dried undé,O, 2Cu + NO  Cu,O + N,. In this step, the reduced
vacuum at 86C overnight and then calcined in air at4D0  catalyst was cooled to &5 purging with He (30 minin %),
for 4 h (2°C:min Y. The calcined Cu/SiOsamples were Wwhich took 1 h. Then, 5%,®Ar (40 mLmin ') was
denoted a8Cu_HT. Pure Si@with no copper added after introduced to oxidize Cu at 35 for 1 h. Step 3 represents a
the hydrothermal step is marke®#3 HT. reduction of surface Cuspecies, GO + H, 2Cu + HO.

The preparation steps3€u catalysts are almost the same First, the catalyst was also purged with He (3@imL) for
as that 0BCu_HT except that the hydrothermal process is not0.5 h to remove the residugiON Subsequently, 5%/He
done. Similarly, pure Si®ith no copper added is marked as (30 mLmin %) was introduced to reduce LQufrom room
SiO,. temperature to 500C (10 °C:min ). The amount of K

The samples pretreated bywére marked &Cu_HT _H, consumption A,) corresponds to the amount of,OuThe
or 3Cu_H,. Similarly, the samples pretreated bywé€re dispersion) of CuO was calculatedds 2A,/ A; x 100%.
marked a8Cu_HT_O, or 3Cu_0,. The samples after CO H,-temperature programmed reductiop THR) measure-
oxidation are marked (used). For example, after CO oxidatioment of the sample was carried out on a Micromeritics
3Cu_HT_H, is marked a3Cu_HT_H, (used) AutoChem 2920. Before measurement, the sieved fresh sample

2.2. Characterization.The copper contents were detected (100 mg, 2040 mesh) was pretreated in 5%A0(30 mL-
by inductively coupled plasma atomic emission spectroscamin %) at 300°C for 30 min and then cooled down to room
(ICP AES) on an Optima 5300DV (PerkinElmer Co.). The temperature in the same gas. After purging with He (50 mL
as-calcined powder sample (100 mg) was dissolved completaiy 1) for 15 min to remove the residual oxygen, the catalyst
in 2 mL of hydrouoric acid. For eliminating silica in the form was heated from room temperature to°&éh continuous
of Sik, the solution was evaporated to near dry. Then, 3 mL &% H/He (30 mL-min %, 10°C-min ). The amount of K
nitric acid was added and shaken. The solution was slightdgnsumption was detected by a TCD.
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X-ray absorptionne structure (XAFS) spectroscopy at the TECHNOLOGY LIMITED, LC-D200M). Before testing, the
Cu K-edge K, = 8979 eV) was performed at the BL14W1 as-prepared sample (100 mg,Z80mesh) was pretreated in
beamline of Shanghai Synchrotron Radiation Facility (SSR&Y H/He or 5% Q/Ar (30 mL-min %) at 300°C for 30 min
operated at 3.5 GeV under ttap-ugd mode with a constant and then cooling down to room temperature under the same
current of 220 mA. The sample mixing the LiF powdersteam. He (50 minin %) was introduced for purging for 20
uniformly wasattened into a sheet using a tableting machinanin. The He steam was switched to 5% CO/He later and the
and then sealed with a Kapton tape. The XAFS data wesample was heated from room temperature t6C5@@th a
recorded under the transmission mode. The energy watep of 10Cmin . The signals of Hm/z = 2), He (Wz =
calibrated with the absorption edge of the Cu foil as 4), and CQ (m/z = 44) were detected during the
reference. Athena and Artemis codes were used to extract ifneestigation. The detected data was normalized by dividing
data andt the proles. For the X-ray absorption near-edgethe He signalnfy z = 4).
spectroscopy (XANES) part, the experimental absorption 2.3. Catalytic Tests.CO oxidation reactions were carried
coe cients as a function of enerdff) were processed by out in a Micromeritics AutoChem 2920. The sieved sample
background subtraction and normalization procedures afd0 60 mesh, 100 mg) was placed into a U-shaped quartz
reported asnormalized absorptibiBased on the normalized tube and then preactivated with 5% or 5% G/N , for
XANES proles, both the molar proportion of%2Gu® and 30 min (50 mkmin %) before the reaction testing. Pure He gas
the oxidation state of Cu can be determined by the lineavas used to purge,ldr O, for 20 min after the sample was
combination t with the help of various references (Cu foil for cooled to room temperature. Afterward, the CO oxidation
CW and CuO for Cti). For the extended XAFS (EXAFS) reaction of the Cu/SiOcatalyst was measured in stoichio-
part, the Fourier transformed data irRbpace were analyzed metric gas of 2% CO/1%,07% He (30 mkmin %
by applying CuO and a metallic Cu model for@and Cu corresponding to a gas hourly space velocity (GHSV) of
(O) Cu contributions. The passive electron fa&@rsyere 18,000 mth g, X The temperature began from 30 to 300
determined bytting the experimental data on Cu foils and °C with a heating rate of 2€-min * in succession and the
setting the coordination number (CN) of @u to be 12 and  outlet gas compositions were recorded every 2.5 min on-line
then xed for further analysis of the measured samples. Thy Micro GC Fusion gas chromatography (INFICON
parameters describing the electronic properties (e.g., corré®mpany). The stability tests were done in the same
tion to the photoelectron energy orid), and the local  conditions at a constant reaction temperature ofQ@6r
structure environment including the CN, bond dista®¢e (700 min. The CO conversion of CO oxidation was calculated
and DebyeWaller factor around the absorbing atof)s¢t ~ according to the following equation: CO conversion (%) =
as 0.0045 and 0.008 for O and Cu, respectively, for all sampl€®in  CO)/CO;, x 100.
except3Cu_HT _H,. For 3Cu_HT_H,, the DebyeWaller
factor around the absorbing atonfs et as 0.003 and 0.008 3. RESULTS
A2 for O and Cu, respectively. Thted ranges fak andR 3.1. CO Oxidation Reactivity of Copper Silica
spaces were selected tkbe2.5 11.5 A* for all samples. Catalysts. The “light-o” pro le of Cu-based catalysts is

In situ diuse reectance infrared Fourier transform exhibited inFigure 1 Above all, the 3Cu/SjOsample
spectroscopy (in situ DRIFTS) was employed to study the

surface adsorption. The catalyst powder was placed intog,,, _ bioo

di use reectance cell (Harrick system) equipped with, CaF _ I H, T w

windows on a Bruker Vertex 70 spectrometer using & 8 ——sco, Siod N

mercury cadmium telluride detector cooled with liquid £ ¢/ " o
nitrogen. A“CO He CO O," test was done for inves- g gso ................ scu,
tigation of the process of adsorption/desorption of CO ove ¢ 40 g ;g """""""
Cu/SiG; catalysts. The powder sample (20 mg) was pretreate® 20 O 20

in synthetic air (21% 4 ,) or 5% H/He at 300°C for 30 0 Lot et I .
min and cooled to room temperature under the same gas (. 50 100 150 200 250 300 0 100 200 300 400 500 600 700

Temperature (°C) Time (min)

mL-min ). After purging with He (30 rahin %) for 20 min
to remove the pretreatment gas, a background spectrum vgure 1.CO oxidation conversion over 3Cu/Sg@mples for (a)
collected via 32 scans at 4 trasolution at 36C under pure  “light-o " experiments from 30 to 380 and (b) stability test at 200
He (30 mLmin ) until repetitive spectrum. Subsequently, the’C. Reaction conditions: 2% CO/1%/93% He and a GHSV of
gas with 2% CO/He was introduced into the in situ chambe#8:000 mih “ge .
(30 mL:min %) for CO adsorption for 30 min, collecting 40
independent spectra during this process. He steam wasetreated with Hshows signéantly high CO conversions,
subsequently admitted, instead of CO, for purging for 3@hereas catalysts pretreated withr®nearly inactive for CO
min, also corresponding to 40 IR spectra. Then, the catalystidation (below 10% CO conversion at 30D in the
was exposed to 2% CO/He for CO readsorption for 30 mintemperature range of 300°C (Figure &). Interestingly, the
Ultimately, 1% @N, stream was introduced in order to hydrothermal step during sample preparatiectsa the
investigate the surface changes during the CO removal processformance of the catalyst, which is s@lgi manifested
DRIFTS spectra were obtained by subtracting the backgroubg the fact that the hydrothermal catalyst is more active than
spectrum from the subsequent spectra. The spectra wehe nonhydrothermal catalyst. The comparison of the reactivity
analyzed using OPUS software. between hydrothermal and nonhydrothermal samples is
CO-temperature programmed reduction (CO-TPR) wasnconspicuous on the transient e of CO conversion,
carried out in a Micromeritics AutoChem 2920, and gas signaiely about 10°C di erence at 50% conversion. However,
were collected by using a mass spectrometer (TILON GR#ability tests of 3Cu/SjQe ected the advantage of the
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hydrothermal step ligure b. The conversion rate at thiet a bI I e
point was 70% and the last point (720 min) conversion rats 7 16 e 3Ca_HT !
was 36% for3Cu_H, corresponding to about 48% < |so, ARy e A

deactivation. The conversion rate at tse point was 78% E
and the last point (720 min) conversion was 56% foi$ P
3Cu_HT_H, corresponding to about 28% deactivation. In< [Sio-ut =06
summary, the hydrogen pretreatment promoted the catalyg - J = 0.4
performance of coppeailica catalyst much moreeetively —
than the hydrothermal pretreatment. 00 02 04 06 08 10 007 T
3.2. Structural and Textural Properties of Fresh Relative Pressure (P/Pg) Pore Diameter (nm)
Copper Silica Catalysts.The ICP AES resultsT@ble )

Volu

100

Figure 3.(a) N, adsorption/desorption isotherm and (b) BJH pore
size distribution plots of 3Cu/Si@nd SiQ.

Table 1. Cu Concentration, BET SpeciSurface Areas
(Ssen), and BJH Pore Volumeé) of SiO, Support and Size

(Drgm) of Cu After the hydrothermal step, these samples showed the absence
- c of a plateau-like region or an inapparent plateau, showing that
sample C(l\j\,lot%?éng (m%E b (Cne‘.’g 1b I(Dﬁﬁ“]”) the hydrothermal materials contain both mesopores and
sio, 126 0.939 macropores. The isotherms display the forced closure of the
Sio, HT 72 0.628 desorption branch BtP, > 0.8 for all the samples, illustrating
3cu 33 186 0910 29€05 the absence of micropotésiowever, the relative pressure
3Cu HT 3.7 121 0.824 2807 associated with the capillary condensation of samples with the
3Cu_HT_Hy(used) 25+ 0.7 hydrothermal step shifted to higher values in comparison with
3Cu_HT_Oyused) 24+ 0.6 the nonhycljrothermal s_ampl;:—zs, r|]ngl|ca:1|ng thlat the matgrr;]a_lls_
: . - - possess a larger pore size after hydrothermal treatment. This is
:Izte;eorrr:n {ﬂidbggislgﬁ'g&r?m’}ggg_sorpuon/desorpmﬁsm'snc evidenced by the BJH pore size distribution pl&igune B
andTable 1 The signicant changes in either the isotherm or
show that the experimental Cu conten&Cofand3Cu_HT ~ hysteresis shape/position reveal the roation of the

are 3.3 and 3.7 wt %, respectively, which are close to the tari§g@ology of the mesopores and the alteration of the ordered
value (3 wt %). The X-ray daction (XRD) patterns for the ~Mesoporous structure after the hydrothermal step. The BET

calcined catalystsFigure 2 present only one broad peak at SPecic surface areas and pore volumes of fresh samples
summarized ifiable lare distinct betwe@&Cu_HT (121 nt-

gl 0.824 cig }) and 3Cu (186 nt-g %, 0.910 crhg 3.
*Cuy0 Obviously, the hydrothermal step reduces the sgeciace
area and pore volume of the catalysts, which is alstedeon
the pure Si@ These nitrogen adsorption/desorption experi-
ments can be summarized that the hydrothermal step can
markedly modify the textural properties 0$.SiO

3Cu/SiO, catalysts were tested for further morphological
characterization by TEM kgure 4 Comparing the TEM
: : : images of fresBCu and 3Cu_HT in Figure 4&,c, after
g B hydrothermal treatment, the size of the, Sifpport was

obviously enlarged, indicating that the hydrothermal process

Figure 2.XRD patterns of 3Cu/Si(a) fresh samples and (b) used drove Si@ particles to merge to form a bigger wormlike
samples. structure. An increase in the support size was responsible for
the decrease in BET speaurface area. HRTEM was carried
2 22 for3Cuand3Cu_HT, corresponding to amorphous out for observing the size of copper particles because of the
silica support, indicating that the copper species are highisct that the characterization of Cu particles wasiltito
dispersed on the SiGurface or small copper size is beyondperform by XRD. The average copper si3€ais 2.0+ 0.5
the limitation of XRD detection in the fresh samples. nm detected by HRTEMF{gure #). After hydrothermal

The textural properties of 3Cu/Si€atalysts investigated treatment, the average size of the copper nanopatrticles is 2.3
by the nitrogen adsorptiatgsorption experiments are 0.7 nm §igure 4), which revealed that hydrothermal
included inFigure 3and Table 1 As shown irFigure 3, treatment almost had noeet on the size of copper. The
the representative nitrogen adsorption/desorption isotherms idsults of TEM veréd the experimental analysis of the N
samples before and after hydrothermal treatment exhibit typdsorption/desorption, which indicates that hydrothermal
IV isotherms for pure SiGand Cu-doped catalysts. The treatment during preparation dideet the texture of the
original Si@ represents hysteresis loop H1 with the paralletatalyst.
hysteresis branches, indicating the absence of pore plugging 3.3. Reducibility and Local Coordination Structure of
oxide nanoparticlé®>> After deposition of CBCu exhibits Copper Silica Catalysts.In Figure a, the results of H
that the hysteresis loop changes from H1 to H2 typeh the TPR for3Cuand3Cu_HT are shown. The experimental and
P, range of 0.81.0, revealing the partial disordering of thetheoretical uptakes of, lare estimated and summarized in
mesostructuré.Furthermore3CuandSiO, show a hysteresis  Table 2 Consumptions of +re calculated as a stoichiometric
loop with an apparent plateau at HfR, giving a hint on  ratio on the basis of CuO reduced to Cu. The only peak of
uniform pore size distribution in nonhydrothermal catdlysts.both3Cuand3Cu_HT can be ascribed to reduction of highly

a
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Intensity (a.u.)
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Figure 5.(a) H,-TPR analysis of 3Cu/SIQCO-TPR analysis of (b)
3Cu_H,, (c) 3Cu_HT_H,, and (d)3Cu_HT_O,.

Table 2. Dispersion of Cul,), Position of the Peak of i
TPR (Ty), and H, Consumption of Samples

sample Dcy (%)2 T, (°C)P H, ( molg H°
3Cu 62 269 429 513
3Cu_HT 59 271 629 604

3Calculated from )D chemisorption tedDetermined from the H
TPR experimenfExperimental JHconsumption®Theoretical K
consumption.

and3Cu, respectively). The reduction peak after hydrothermal
treatment shows almost no shift. We conjecture that the
dispersion 08Cu and3Cu_HT is nearly similar. In order to
verify the reliability of the above conclusions, copper
dispersion was determined byONchemisorption. Th®
values shown ifiable 2re ect 59 and 62% f&Cu_HT and

3Cu, respectively, nearly the same. Hydrogen consumption is
very sensitive to the conditions of catalyst preparation. The

d=2.4£0.6

2 experimental hydrogen consumption (626kg %) summar-
- ized inTable 2is roughly identical to the theoretical hydrogen
ol R consumption (604molg ) for 3Cu_HT, implying that all
B particie size. (am, the oxygen species related to copper atoms were reduced.

However, foBCu, the experimental hydrogen consumption
Figure 4.TEM (a,c,e,g) and HRTEM (b,d.f,h) images of 3Cy/SIO (427 molg ) is less than the theoretical hydrogen
samples: (a,3Cuy (c,d) 3Cu_HT, (e,f) 3Cu_HT_Hy(used) and  consumption (513molg 1), giving a hint that partial copper
(@.n) 3Cu_HT_Oyused) Insets show the corresponding size 5ioms were covered and the bounded oxygen species were
distribution of Cu. unavailable to be reduced by Hherefore, hydrothermal
treatment did not enhance the dispersion of copper but did
dispersed small CuO particles in the range of temperaturasect the redox properties of the catalyst.
268 271 °C?%?° which is consistent with the 2 nm In order to further analyze the reduction properties of the
particles observed by HRTEM. After the hydrothermal stegatalysts, CO-TPR was performed.3Eer_H, (Figure 5),
the reduction peak d8Cu_HT almost shows no shift two small peaks at ca. 70 and 2D0appear in the curve
accompanying the increase in hydrogen consumptiorepresenting CQOwhile only a broad peak at 2@0appears
According to the literature, lower dispersion of CuO speciem the H curve. We attributed the latter peak (ca’2)@o
results in a larger co&aer size, leading to higher reductitime surface wategas shift (WGS) reaction between the CO
temperature in HTPR3%** However, in our work, the TEM molecule and the hydroxyls bounded to cdpwehile the
statistical results about the copper particlebld ) former peak (ca. 7€) was derived from oxidation of CO. As
indicating the size of hydrothermal sample is close to that on be seen iRigure §, a broad peak of G@nd H, at 170
the nonhydrothermal sample (2.3 and 2.0 ni3Gor HT °C with the same trend was observe@@r HT_H,, which
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is attributed to the favorableset of reduction of the surface among which therst peak is at approximately 1.95 A
Cu hydroxyls by C&:3 Obviously, higher amounts of £O corresponding to thest shell of CuO and the second peak
and H, implies more copper hydroxyls. In addition, the CO-s at a distance of ca. 2.99 A derived from th@dCGu
TPR prole of 3Cu_HT_G, is shown inFigure 8 as a structure that is derent from the CuCu of CuO structure at
comparison. The curve of C@ses with increasing temper- a distance of ca. 2.74 A, indicating the low crystallinity and
ature, especially at relatively high temperatures (€300 small size of Cu i8Cu_HT>*** Compared with hydro-
while the curve of HHoes not uctuate at all, which suggests thermal sample, the two shell3@fishow similar structure at
that the oxygen species of the catalyst react with CO to fordistances of ca. 1.94 and 2.98 A, respectively. Eende
CO, at relatively high temperatures, not originated from théetween the CN of the CO® shell of3Cuand3Cu_HT is
surface hydroxyl reduction. Obviously, no hydroxyls argiso minor (4.0 and 3.8 f8€u_HT and3Cu, respectively).
involved in this process for theetreated sample. All the Moreover3Cu_HT shows apparently higher intensity in the
above show that hydrogen pretreatment iscagtly critical ~ second shell with a CN of 2.8 comparegowith a CN of
to generate copper hydroxyls on the surface and hydrotherma (Table 3. Therefore, hydrothermal pretreatment not only
step promoted the number of hydroxyls. a ected the structure of the $i@ut also changed the
The XAFS technique was used to verify the electronic ar@ordination structure of copper.
local coordination structure of the small-sized copper speciesas discussed above, hydrothermal treatmeoted the
The XANES data for the Cu K edge clearly demonstrate thgordination structure of the supported Cu. Furthermore,
presence of Cu(ll) in botBCu and 3Cu_HT (Figure @, hydrogen pretreatment rather than oxygen pretreatment is a
pivotal step to ensure the existence of copper hydroxyls.
3.4. E ects of Hydrothermal Processes on the
Catalytic Activities on Copper Silica Catalysts. From
the light-o curve and stability test of CO oxidation, it can be
seen that the hydrothermal process can improve the catalytic
activity, especially the stability of the sample. The XRD results
exhibit no dierences on structure betwd&u_HT and3Cu
because all the fresh samples only show the amorphous broad
J e peaks of SiDIt can be seen that a very tiny peak ais37
960 8970 8980 8990 9000 9010 9020 0 2 4 6 8 10 ascribed to the (111) crystal face ofGCWCPDS card no.
Energy (eV) Distance (A) 34-1354) for3Cu_HT_H, (used) (Figure B), but the
corresponding3Cu_H, (used) did not contain any
cw-o component of GO. Simultaneously, ,® chemisorption,
nitrogen adsorption/desorption, and TEM proved the lower
BET specic surface area, similar particle size of copper, and
similar dispersion of copper 82u_HT compared t8Cu
This is unusual because many studies have shown that
excellent activity corresponds to high spesirface area,
§ high dispersion, and small size because of highly unsaturated
8960 8970 8980 8990 9000 90109020 0 2 4 6 8 10 adsorbed sites and high atomic utilizatSrTherefore, we
Energy (V) Distance (4) can infer that the ect of hydrothermal treatment on activity
Figure 6.Cu K-edge (a) XANES pres of 3Cu/Si@samples and IS not due to the size and dispersion of active species. However,
(b) EXAFS tting results in thR space of 3Cu/Siamples; CuK-  hitrogen adsorption/desorption and TEM cored that
edge XANES prtes (c) and EXAFSting results in thR space (d) hydrothermal treatment caused a great change in the

=n

3Cu

3Cu_HT
3Cu_HT_H,
3Cu_HT_H,(used)
3Cu_HT_O(used)

Normalized Absorption &
FT i3 3 (k)

=]

=%

——3Cu_H,
——3Cu_HT_H,
=== Cu foil
-=--CuO

FT &> y(k)

3Cu_HT_H,

Normalized Absorption €°

of 3Cu/SiQ samples after stability test. morphology and structure of SiQrigures 3and 4), as
previously analyzed.
Table Sl andFigure SL The EXAFS spectra antting More useful information can be obtained through CO-TPR.

results of Cu/Si@catalysts are shownHigure & andTable Under hydrogen pretreatment conditions, more amount of
3. The related EXAFS spectrad3@u_HT displays two peaks, CO, accompanied by,tappeared f8Cu_HT compared to

Table 3. Oxidation State of Copper)(and Cu K-Edge EXAFS Fitting Resul® (istance; CN, coordination number?,
Debye Waller factof; and E,, inner potential correctiofl of 3Cu/SiO, samples)

Cu O Cu Cu Cu O Cu

sample R (A) CN R (A) CN R (A) CN
3Cu 2 1.94+ 0.01 3.8 0.2 2.98 0.02 1.9 0.4
3Cu_HT 2 1.95+ 0.01 4.0t 0.2 2.99 0.01 2.8 04
3Cu_HT_O,(used) 2 1.95+ 0.01 3.9+ 0.3 2.9g 0.01 2.9 0.4
3Cu_HT_H,(used) 1.2 1.92+ 0.01 2.8 0.1 2.9% 0.02 1.3 0.2
3Cu_HT_H° 1.4 1.92+ 0.01 2.9 0.1 2.95 0.01 1.3t 0.3
3Cu_H,° 1.6 1.93 0.01 3.4t 0.2 2.99 0.02 1.1 0.5
3Cu_HT_H, 0.5 1.88 0.02 1.4 0.2 2.54+ 0.01 3.8 0.3

& ,=0.008 Afor Cu Cu shells and 0.003 or 0.00450k Cu O (3Cu_HT_H, only) or Cu O (excepBCu_HT_H,), respectively’ E,=
11.5+ 0.5 eV for all samples exc@pti_ HT_H,; 5.5+ 1.6 eV foi3Cu_HT_H,. “After stability test.
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Figure 7.In situ DRIFTS study f@Cu_HT tested at 30C pretreated with 5%+t 300°C.

3Cu (seeFigure B,c), implying that more copper hydroxyls sample decrease more than the nonhydrothermal sample
appeared on th8Cu_HT surface. As discussed above, thecompared to the fresh sample, which shows that more copper
participation of copper hydroxyls can explain the simultaneokigdroxyls involved in the stability test for hydrothermal

formation of H and CQ. In this study, interestingly, the samples.
higher the CuOH contents, the better the CO oxidation

species after hydrothermal process a2fiy 24 h, resulting

in more hydrogen consumptior8idu_HT than3Cuon H,-

TPR (Figure @& and Table ). Therefore, more copper

In order to gain further insights into the chemical adsorption
activity of the catalyst, revealing the importance of copperoperties of the catalysts, the in situ DRIFTS measurements
hydroxyls. Before commenting on these results, let us reca#ire carried out for Cu/Sj@atalysts in &0 He CO

that the H-TPR proles of Cu/SiQ catalysts appeared O," mode at 30C during the CO adsorption. No peaks were
regularity on the conditions of catalyst preparation. Théound on the spectral ranges of 22080 and 210@®000
samples contain a sigmntly higher amount of Cu oxide cm ?, attributing to CO adsorption on €wand C{ sites,
respectively, indicating the minof'Gund C{ species on the
surface of Cu/SiQcatalysts. F@BCu_HT_H, (Figure @),

the IR bands at 2119 and 2170%ccan be attributed to linear

hydroxyls were present in the hydrothermal pretreatme@O adsorbed on Cusites (Ct CO) and gaseous CO,
respectively/. As for3Cu_H,, the same Cu CO species at

catalyst after hydrogen pretreatment.

The results of XANES analysis show that the oxidation stat2$21 cm! was accompanied by gaseous CO at 2170 cm
of copper foBCu_HT and3Cu after stability test are 1.4 and (Figure &). However, the related intensity was lower,

1.6, respectivelyrigure 6, Tables 3S1, andFigure S}

susceptible to be oxidized. Compared @@h_HT _H,

revealing the lower adsorption of CO on Cu(l) species for
indicating that the sample without hydrothermal step is mor@Cu_H,. During the He-purging process, the carbonyl peak
gradually weakened and continued to decay up to 1800 s for
(used) of the identical oxidation state of 1.2, the coppetboth3Cu_HT and3Cu (Figures lF and8b). Simultaneously,
oxidation state after stability test was increased, revealing ttegt apparent continuous blue shift of the carbonyl up to 1800 s
copper was gradually oxidized during the CO oxidatioat 2130 cm' in this process is similar to the blue shift of the
reaction. This could be the reason for the gradual deactivatipeak after @introduced Eigures d, 8d). With the purging of

of catalysts. The related EXAFS spectrum for samples afté, the concentration of CO decreases and the reducibility of
stability tests also displays two shells as fresh samples, whiletpper species becomes weaker, which likely result in a blue
CN of the two shells reduced compared to fresh samples. #tsift of this peak. During subsequent CO readsorptipnes

for Cu O shell3Cu_HT and3Cu after stability test shows a 7c,8c), the Cli CO peaks show a red shift and reach a steady
CN of 2.9 and 3.4, respectively. The CN of @uCu is 1.3 position quickly around 90 s. After the gas channel was
and 1.4 for3Cu_HT and 3Cu after the stability test, switched to 1% N, (Figures d, 8d), the peak in the
respectively. We found that the CNs of the hydrothermatollected spectra showed a blue shift character similar to that in
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Figure 8.In situ DRIFTS study f@Cu tested at 30C pretreated with 5%,tt 300°C.

the He-purging process, which can be taken as oxidation of
Cu'. In addition, the peaks at ca. 2363 and 23356 ama
attributed to the adsorption gas-phase KEgause of the
reaction of the adsorbed CO with ©he spectral range of
3800 3550 cm?! of the CO adsorption step was analyzed
(Figure ? 3735 and 3650 crhare typical for SOH and

Cu OH,*®* respectively, which gradually strengthened from
45 to 1800 s3Cuand3Cu_HT after hydrogen pretreatment
show the SIOH and Cu OH with di erent peak intensities
(Figure @,b,d).3Cu_HT shows a stronger peak intensity,
indicating that there are more copper hydroxyls on the surface
of 3Cu_HT than3Cuy, which is consistent with the result of
CO-TPR.

After calcination in air at 40@ for 4 h, no copper
hydroxyls remain on the surfac8@t_HT, which can be
proved by CO-TPR and DRIFTS3@u_HT_G, (Figures 8,
9c). We infer that the copper hydroxyls are absent on
3Cu_HT. However, the results of-FPR, CO-TPR, and in
situ DRIFTS prove that there are more GH and stronger
adsorption capacity for CO &Cu_HT_H, than 3Cu_H..

The results of XAFS give a hint that there are more active sites
for 3Cu_HT than3Cu (Figure 6 andTable 3. In addition,

the modication of the catalyst structure by the hydrothermal
step is proved by nitrogen adsorption/desorpiimuie a,b
andTable )}, TEM (Figure 4,c), and XAFS-(gure &,b and
Table 3. The modication of the catalyst coordination
structure after hydrothermal step result8Gn_HT_H,,

exhibiting stronger adsorption capacity and more coppet, 2% CO/He).

hydroxyls, an@Cu_HT showing more active sites, which
leads to better stability of CO oxidation3@u_HT_H,. In
other words, the better catalytic performance for a hydro-

25277

Figure 9.In situ DRIFTS study for (8Cu_HT pretreated with 5%
H,, (b) 3Cupretreated with 5%,tnd (c)3Cu_HT pretreated with
compressed air (pretreatment conditions; Gptest conditions, 30
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Scheme 1. lllustration of the Structure Transformation of 3Cu/SiO

thermal catalyst than a nonhydrothermal catalyst results frazhemisorption of gaseous CO, resulting in increasing the CO
the more available active copper hydroxyl speciettibgne concentration around the Cu active sites via synthesizing a
from a more stable coordination structure, providing morhydroxyl-group-rich SJOAIOOH nanosheets-supported
non-inactivated active sites for subsequent adsorption aBdO catalyst Jia group found the sigeance of bridged
reaction processes. The structure transformation of €u/SiGurface OH for WGS reactidiit can be seen that the surface
catalyst is described @cheme .1 After hydrothermal hydroxyls contribute sigoantly to the oxidation of carbon
treatment,3Cu underwent the reconstruction of Sebd monoxide.
the coordination structure of copper to f8@u_HT. In order to further study the ects of dierent gas

3.5. E ects of H, Pretreatment on the Catalytic pretreatments on the catalyst, the test results of XAFS of
Activities of Copper Silica Catalysts.The sample after the used samples have been analyzed. The oxidation states of
hydrogen pretreatment showed much higher activity compar8@u_HT_O, (used) and 3Cu_HT_H, (used) were deter-
with the sample after the oxygen pretreatntegtiré &), mined as Cu(ll) Figure @, Table 3. Interestingly, the line
which is consistent with recent studies about copper-bassldapes 0BCu_HT_O, (used) were almost identical to the
catalysts for CO oxidation, coming that the low oxidation corresponding fresh sample, implying thapr@reated
state of copper obtained by reduction pretreatment is momatalysts were hardlyeated by the CO oxidation gas. The
conducive to CO oxidation than high oxidation state of coppeelated EXAFStting results are summarized Tiable 3
obtained by oxidation pretreatnfenthe oxygen-pretreated showing that all the investigated samples after CO reaction
samples showed very limited CO conversion, expressing legstain the CuO and Cu O Cu shells as fresh samples.
than 10% up to 30 (Figure &).3Cu_HTwas subjectedto  Unsurprisingly3Cu_HT_O, (used) exhibit the EXAFS
explore the reason for theeets of dierent pretreatment spectrum andtting result that is similar 8&Cu_HT (Figure

atmospheres on catalytic activity. 6b and Table 3. The progress of catalytic reaction
The XRD patterns of the used catalystsgare b reveal indispensably requires both the adsorption of reactants and

that no crystallized Cu phase was generatd@ioHT O, the desorption of products. The adsorption and desorption of

(used) while a tiny peak of gnwas shown iBCu_HT_H, gas on the catalyst inevitablyca the electronic structure and

(used) The used sample3€u_HT showed a similar size of local coordination structure of the catalyst, which can be
copper with the fresh catalystigure ZandTable 1(2.5, 2.4, characterized and embodied by the XAFS spectrum. Therefore,
and 2.3 nm foBCu_HT_H, (used) 3Cu_HT_O, (used) we can speculate that the catalysts after oxygen pretreatment
and3Cu_HT, respectively). Furthermore, the particle size ohad very weak adsorption to reactant gases or do not adsorb at
used catalysts after hydrogen pretreatment and oxygalh which reects extremely poor catalytic activity for CO
pretreatment were almost the safigufe #h andTable oxidation. Considering that the fresh sample was obtained by
1). However, after the catalyst underwent CO oxidation, thealcinating in air, we believe 8@u_HT_G, should not be
size of Si@became sigréantly largerHigure €,g). Although  di erent fron3Cu_HT. After the3Cu_HT was treated with
it is still an amorphous structure, it can be seen that the SiG% H/Ar gas for 30 min in a tube with needle valves at both
fusion is more thorough. ends, it was compressed into a slice in a glovéldabwith

As the abovementioned results, comparing the CO-TPR, and then sealed with a Kapton tape. The results of
results oBCu_HT after dierent pretreatments, it can be seen3Cu_HT_H, are summarized Figure 6and Table 3 For
that the only H peak generated after hydrogen pretreatmenKANES oBCu_HT_H, (Figure @), the result demonstrates a
rather than oxygen pretreatment. Simultaneous production r@fduced feature with a valence of 0.5, indicating that the
CO, and H in CO-TPR indicates that copper hydroxy groupssample mixes bulk metallic copper and a small part of surface-
are involved in the reaction process, and these coppexidized copper. It can be concluded from the EXAFS results
hydroxyls completely disappeared affepr@reatment. In  of 3Cu_HT_H, that the bestited shells of CuO and Cu
other words, oxygen pretreatment failed to produce copp@u are shown in ca. 1.88 and 2.54 A, respectively. TBea Cu
hydroxyls, which resulted in less activity, while hydrogeshell demonstrates high intensity with a CN of 3.8, while the
pretreatment is the decisive step to produce surface copgeu O shell shows a CN of 1.4. As3@u_HT_H,(used),
hydroxyls. Guo et al. found that copper hydroxyl species tetfie line shapes on XANES is vergrdint from that of the
to promote the formation of G& Tang group found thatthe  corresponding fresh sample with a valence state of 1.2 obtained
surface hydroxyls could promote CO oxidation by thdéy the linear combinatiort, implying that the derent
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Figure 10.In situ DRIFTS study f@Cu_HT tested at 30C pretreated with compressed air at°810

coordination structure of Cu after CO oxidation and Cu was As a conclusion from CO-TPR, XAFS, in situ DRIFTS, and
oxidized partly during CO oxidation reaction. As for thelPR investigation, we pointed out that hydrogen pretreatment
EXAFS result @Cu_HT_H,(used) a prominent peak was notonly reduced copper but also provided a decisive condition
exhibited at ca. 1.92 A, originating fromtsteshell of CuO to produce copper hydroxyl active species, leading to more
contribution with a CN of 2.8 and prominent peak at ca. 2.9favorable adsorption of CO, resulting in high activity for CO
A, originating from the second shell of OuCu oxidation. The structure transformation of Cu/S#@alyst is
contribution with a CN of 1.3, which is much lower thandescribed irScheme ,1which shows that the generation of
the CN of the fresh sample. surface copper hydroxyls is entirely due to the hydrogen
In situ DRIFTS was used to further demonstrate theédretreatment. However, oxygen pretreatment was unable to
adsorption capacity of the catalyst. The IR spectrum d@fenerate surface copper hydroxyls. As a result,»the O
3Cu_HT_G; is shown inFigure 10with a range of 2100 pretreated catalysts are morecdlt to adsorb the reaction
2400 cm®in #CO He CO O,” mode at 30C. During the ~ 9as and produce unexpectedly low activity. In short, hydrogen
CO adsorption process, 2173 and 2116 evith similar pretreatment is essential for achieving a highly active CO
intensity represent CO gas and GILO, respectively. Clearly, OXidation reaction.
there are almost no Cibons present, which is 1 order of
magnitude lower compared with the” GO intensity of 4. CONCLUSIONS

3Cu_HT_H, (Figure @) It is conceivable that copper |, this work, small-sized Cu particles (average particle size of
was _OX|d|zed after oxygen pretreatment proved by XAFS. dng nm) on silica support were synthesized by a edodi
addition, the very weak intensity of the QD peak proves  geposition precipitation method. The catalytic stability of the
the extremely weak adsorption of CO in the catalyst with theatalyst after the hydrothermal step was improved for the CO
air pretreatment, which is also evidenced by XAFS analygidation reaction. Full structural characterization revealed that
The absence of €uCO (CO adsorption on Ct) peak is  the catalyst with Hpretreatment exhibited much higher
due to the low copper content (3 wt % Cu) and the weakgctivity in comparison to that with, @retreatment. The
ability of C@" to adsorb CO? It was found that the CO  hydrogen pretreatment process can reduce the oxidation state
adsorption of the J-retreated sample is sigantly stronger  of copper and provide a stient and decisive condition to
than that of @pretreated samples. Furthermore,@Hiis  produce copper hydroxy active species, resulting in the
absent at 3650 cifor 3Cu_HT after oxidation pretreatment prodigious activity compared to oxygen-pretreated samples.
(Figure 8,d), despite the strong SiH peak at 3735 crh The hydrothermal step induced a great change of the texture
which not only negates the contribution o0&l to catalytic structure of SiQand the coordination structure of copper,
activity of CO oxidation but also proves the importance ofesulting in stabilizing the catalytic environment that is
Cu OH. conducive to the production of more active copper hydroxyls.
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